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ABSTRACT 

The contents of this technical report are taken from the M.S. 

thesis of the lead author, Mr. John Kaplan, published in 1986 by the 

Department of Meteorology, The Pennsylvania State University. 

An unusually large amount of aircraft, rawinsonde, satellite, ship 

and buoy data from hurricane Frederic (1979) are composited over a 

40 hr period. These are combined with Frank's (1984) analysis of 

Frederic's core and Powell's (1982) surface wind analysis to analyze 

Frederic's three-dimensional low-level structure between the storm 

center and a radius of 10 deg. latitude. The analysis is improved 

significantly by determining the levels at which low-level cloud motion 

winds (CMW's) are in the best agreement with verification wind data and 

then adjusting the winds to uniform analysis levels. In the past, it 

has been assumed that all low-level CMW's tracked in a tropical cyclone 

environment approximate the wind near cloud base. However, in this 

-study it is observed that low-level CMW's are representative of levels 

between 300 and 5000 m. It is demonstrated that assigning all 

low-level CMW's to an assumed analysis level of 560 m rather than to 

their correct levels results in substantial errors in the wind fields. 

Due to the unusually good low-level wind resolution afforded by 

this data set, it is possible to obtain kinematically derived fields of 

vorticity, divergence and vertical velocity. These analyses are 

observed to be internally consistent and should prove useful for future 

analysis. Analysis of Frederic's surface to 560 m angular momentum 

budget beyond 2 deg. radius indicates that surface drag coefficients 



ii 

increase slightly with increasing radius and decreasing wind speed. 

While these estimates contradict earlier studies, they are believed to 

be superior to previous estimates derived from budgets since the 

current study represents the first attempt to estimate surface drag 

coefficients outside a tropical cyclone's core using observed winds 

from a single storm. Estimates of storm rainfall obtained by 

performing a moisture budget between the surface and the top of the 

inflow layer show that most storm rainfall falls inside about 4 deg. 

radius and that substantial underestimation of storm rainfall occurs 

when all low-level CMW's are assigned t o  560 m. 

h 
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Chap te r  1 

INTRODUCTION 

T r o p i c a l  cyc lones  are p o t e n t i a l l y  t h e  most d e s t r u c t i v e  of a l l  

me teo ro log ica l  phenomena and a re  capable  of producing b i l l i o n s  of 

d o l l a r s  i n  damages and c l a iming  numerous l i v e s .  During 1985, 8 

t r o p i c a l  cyc lones  made l a n d f a l l  i n  t h e  United S t a t e s  c l a iming  30 l i v e s  

and producing p rope r ty  damage i n  excess of $4 b i l l i o n .  Th i s  made t h e  

1985 t r o p i c a l  cyc lone  season  the c o s t l i e s t  i n  United S t a t e s  h i s t o r y .  

The record  damage i n  1985 r e f l e c t s  both t h e  unusual ly  large number of 

t r o p i c a l  cyc lone  l a n d f a l l s  in t h e  United S t a t e s  and t h e  r ap id  

popu la t ion  i n c r e a s e  which h a s  taken p l ace  a long  the  East and Gulf 

c o a s t s  of t h e  United S t a t e s  dur ing  t h e  l a s t  s e v e r a l  decades.  I n  1980 

t h e  popula t ion  along c o a s t a l  count ies  between Brownsville,  Texas, and 

E a s t p o r t ,  Maine, was about  40 mil l ion ;  t h e  popula t ion  a long  the  same 

s t r e t c h  of c o a s t l i n e  i n  1940 was j u s t  over  20 mi l l i on .  F o r t u n a t e l y ,  

d e s p i t e  t h e  i n c r e a s e  i n  popula t ion  a long  t h e  East and Gulf c o a s t l i n e s ,  

b e t t e r  warning systems have r e s u l t e d  i n  a dec rease  i n  t h e  number of 

l i v e s  l o s t  i n  t h e  United S t a t e s  due t o  t r o p i c a l  cyclones dur ing  t h i s  

same period.  Neve r the l e s s ,  i t  remains p o s s i b l e  t h a t  s u b s t a n t i a l  loss 

of l i f e  could occur  i f  a major t r o p i c a l  cyclone were t o  s t r i k e  a 

d e n s e l y  populated p o r t i o n  of e i t h e r  t h e  East o r  Gulf c o a s t  of t h e  

United S t a t e s .  

I n  response  t o  t he  obvious need t o  b e t t e r  understand these  

dangerous s to rms ,  numerous obse rva t iona l  s t u d i e s  of t r o p i c a l  cyclone 
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structure have been performed. Observational studies of the core 

(radius 5 150 km) of a tropical cyclone have been especially plentiful, 

since research aircraft normally obtain large quantities of data inside 

roughly 100-150 km. Riehl and Malkus (1961), Laseur and Hawkins 

(1963), Hawkins and Imbembo (1976), Frank (1984) and many others have 

performed detailed studies of the core of a single storm, while Shea 

and Gray (1973) and Gray and Shea (1973) performed composite studies of 

a tropical cyclone's core using data from many storms. 

studies of the tropical cyclone structure beyond about 150 km have been 

performed less frequently due to limited data availability. Since the 

Observational 

quantity of data available outside the core for a single storm is 

normally insufficient to obtain accurate analyses of the outer storm 

structure, Frank (1977a,b,c), NcBride (1981a,b), Nunez and Gray (19771, 

Holland (1983a,b) and others composited rawinsonde data from many 

storms to analyze the large-scale storm structure. While the above 

studies were instrumental in documenting the mean tropical cyclone 

structure, none.had sufficient data both inside and outside the core to 

obtain a detailed multiple-scale analysis of a single tropical cyclone, 

especially at low-levels where wind resolution has been quite poor. 

In this thesis, an unusually dense data set comprised of aircraft, 

rawinsonde, satellite, ship and buoy data Is used to study hurricane 

Frederic's mean multiple-scale low-level wind structure and to perform 

budgets of momentum and moisture. To Improve the quality and 
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r e s o l u t i o n  of t h e  low-level w i n d  a n a l y s i s  used i n  t h i s  s tudy ,  a 

c o n s i d e r a b l e  e f f o r t  is made t o  de te rmine  t h e  l e v e l s  t o  which low-level 

c loud motion winds (CMW's) should be a s s igned  and then  a d j u s t i n g  t h e  

CMW's t o  t h e  560 and 1600 m a n a l y s i s  l e v e l s .  Although i t  has  been 

q u i t e  common f o r  r e s e a r c h e r s  ( i . e . ,  Hasler and Morr i s ,  1986, Rodgers 

and Gentry,  1983 and o t h e r s )  t o  a s s i g n  a l l  low-level CMW's t o  a s i n g l e  

assumed a n a l y s i s  l e v e l  of roughly 950 mb, i t  is be l i eved  t h a t  a s s i g n i n g  

CMW's t o  t h e i r  correct l e v e l s  and then  a d j u s t i n g  them t o  t h e  560 and 

1600 m a n a l y s i s  l e v e l s  w i l l  y i e l d  a more real is t ic  low-level wind 

a n a l y s i s .  

Angular momentum budgets  a r e  performed f o r  t h e  s u r f a c e  t o  560 

and 560 t o  1600 m l a y e r s  t o  i n v e s t i g a t e  s i n k s  of momentum and d r a g  

c o e f f i c i e n t s  outward of 2 deg. r a d i u s .  Due t o  inadequate  low-level 

wind r e s o l u t i o n ,  p rev ious  s t u d i e s  of a t r o p i c a l  cyc lone ' s  angu la r  

momentum budget ( i . e . ,  Holland, 1983a, McBride, 1981b, Frank, 1977b and 

o t h e r s )  have provided  only composite a n a l y s e s  o u t s i d e  t h e  core.  

Consequent ly  t h e  a n g u l a r  momentum budget p re sen ted  h e r e  should prove t o  

be q u i t e  i n fo rma t ive .  The s u r f a c e  t o  560 m angu la r  momentum budget is 

employed t o  o b t a i n  estimates of t h e  f r i c t i o n a l  d i s s i p a t i o n  a t  t h e  sea 

s u r f a c e  and thus  CD. The estimates of CD ob ta ined  in t h i s  t h e s i s  are 

thought  t o  be an improvement over past  estimates s i n c e  they  r e p r e s e n t  

t h e  f i r s t  a t t empt  t o  compute CD o u t s i d e  t h e  core us ing  observed s u r f a c e  

winds and t h e  wlnds from a s i n g l e  storm. 

A mois ture  budget is performed between t h e  s u r f a c e  and the  t o p  of 

t h e  in f low l a y e r  to  o b t a i n  e s t i m a t e s  of s torm r a i n f a l l .  These a r e  used 

t o  de te rmine  t h e  r a i n f a l l  errors which r e s u l t  when a l l  low-level O W ' S  
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are a s s i g n e d  t o  a s i n g l e  assumed a n a l y s i s  l e v e l  r a t h e r  than t o  t h e  

c o r r e c t  l e v e l s .  

Following t h e  i n t r o d u c t i o n ,  a d e s c r i p t i o n  of t h e  d a t a  set  and 

a n a l y s i s  procedure is g iven  i n  Chap te r  2. Included i n  Chapter 2 is a 

d e t a i l e d  d e s c r i p t i o n  of t h e  techniques used t o  a s s i g n  h e i g h t s  t o  t h e  

low-level CMW's and to  a d j u s t  t h e s e  winds t o  t h e  560 and 1600 n 

a n a l y s i s  l e v e l s .  I n  Chapter  3, a n a l y s e s  of t h e  s to rm ' s  winds s t r u c t u r e  

are p resen ted  a t  t h e  s u r f a c e ,  560 and 1600 m. Angular momentum budgets  

fo r  the s u r f a c e  t o  560 m and 560 t o  1600 m l a y e r s  are p r e s e n t e d  i n  

Chap te r  4. 

performing a m o i s t u r e  budget between t h e  surface and t h e  t o p  of t h e  

i n f l o w  l a y e r  are p resen ted .  A summary of t h e  r e s u l t s  is g iven  i n  

Chap te r  6 .  

I n  Chap te r  5 ,  estimates of storm r a i n f a l l  o b t a i n e d  by 
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Chapter  2 

DATA AND ANALYSIS 

2.1  Storm His to ry  

Af t e r  r ega in ing  h u r r i c a n e  i n t e n s i t y  over  t h e  wes tern  end of Cuba- 

a t  about 1200 GMT 10 September 1979, h u r r i c a n e  F r e d e r i c  moved northwest  

t hen  north-northwes tward through t h e  Gulf of Mexico be fo re  c r o s s i n g  

Dauphin I s l a n d  at about  0300 GMT and t h e  c o a s t l i n e  nea r  t he  

Mississippi-Alabama borde r  at approximate ly  0400 GMT 13 September. 

F r e d e r i c ' s  cen t r .a l  p r e s s u r e  decreased s lowly  du r ing  . t h i s  per iod  from 

980 mb a t  1200 GMT on 10 September t o  945 mb a t  0400 GMT on 

13 September. D e s p i t e  deepening 35 mb dur ing  t h e  aforementioned t i m e  

p e r i o d ,  F r e d e r i c ' s  maximum s u s t a i n e d  f l i g h t - l e v e l  winds remained f a i r l y  

c o n s t a n t  . Maximum s u s t a i n e d  f l i g h t - l e v e l  winds inc reased  by 10 m s - 1 ,  

from 48 ms'l t o  58 ms'l ,  dur ing t h e  i n t e r v a l  between 1600 GMT 

11 September t o  1600 GHT 1 2  September, and no s i g n i f i c a n t  change i n  

f l i g h t - l e v e l  winds occurred  between 1600 GMT 12 September and s torm 

l a n d f a l l  a t  about 0400 GMT 13  September. F r e d e r i c ' s  s torm t r a c k ,  

i n c l u d i n g  minimum sea - l eve l  p re s su res ,  is  dep ic t ed  i n  Fig. 2.1. 

F r e d e r i c ' s  day and one-half j ou rney  through t h e  e a s t e r n  p o r t i o n  of 

t h e  United S t a t e s  caused $2.3 b i l l i o n  i n  damage and r e s u l t e d  in t h e  

loss of 5 l i v e s .  A t  t h e  t i m e ,  t h e  damage estimate of $2.3 b i l l i o n  made 

F r e d e r i c  t h e  c o s t l i e s t  hu r r i cane  i n  United S t a t e s  h i s t o r y .  Much of t h e  

damage was incu r red  by r e s i d e n t s  l i v i n g  a long  the  Gulf of Mexico c o a s t  

between Pascagoula ,  M i s s i s s i p p i ,  and Mobile,  Alabama,  where t i d e s  
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Figure 2 .1  Hurrfcane Frederic's  pos i t ions  and central  pressures 
(mb) at  12 hr fntervals  between 0000 QIT 11 September 
and 1200 GMT 13 September. Fi l led-In  c i r c l e s  denote 
rawinsonde Locations. The large c i r c l e  i l l u s t r a t e s  
the areal  coverage oE the compositing grid €or 
the  man composite scorm posi t ion .  
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2.4-3.7 m o r  more above normal and 20-30 crn of r a i n  were observed. 

A d d i t i o n a l  i n fo rma t ion  concerning F r e d e r i c ' s  h i s t o r y  can be found i n  

Hebert  (1980). 

2.2 Data 

2.2.1 A i r c r a f t  Data 

Approximately 175 a i r c r a f t  wind o b s e r v a t i o n s  ob ta ined  between 

1500 GMT 11 September and 0400 GMT 13 September are employed t o  

r e s o l v e  F r e d e r i c ' s  wind s t r u c t u r e  i n s i d e  250  km. It is  important  t o  

n o t e  t h a t  each  of t h e  aforementioned a i r c r a f t  o b s e r v a t i o n s  r e f l e c t s  

v a l u e s  which have been averaged i n ' b o t h  t i m e  and space.  

wind d a t a  are ob ta ined  from Frank's (1984) over-water a i r c r a f t  

composite a n a l y s i s  of F r e d e r i c ' s  c o r e ,  w h i l e  wind d a t a  between 140 km 

and 250 km are ob ta ined  from a i r c r a f t  d a t a  s u p p l i e d  by Mark Powell and 

I n s i d e  140 km, 

David Jorgenson of t h e  Hurr icane Resea rch  D i v i s i o n  (HRD) of t he  

A t l a n t i c  Oceanographic and X e t e o r o l o g i c a l  Laboratory.  

Frank composited a i r c r a f t  d a t a  c o l l e c t e d  between t h e  s torm c e n t e r  

and 140 km o n t o  a c y l i n d r i c a l  g r i d  comprised of 1 2 0  g r i d  spaces  10 km 

i n  r a d i a l  and 45 deg. i n  az imutha l  e x t e n t .  A l l  1 sec. a i r c r a f t  

o b s e r v a t i o n s  which f e l l  w i t h i n  a g i v e n  g r i d  space were averaged and t h e  

r e s u l t a n t  mean va lue  a s s i g n e d  to  t h e  c e n t e r  of t h a t  g r i d  space.  Frank 

used t h i s  compositing technique a t  560 and 1600 m t o  o b t a i n  t h e  t i m e  

and space  averaged a i r c r a f t  o b s e r v a t i o n s  employed h e r e  a t  each 

r e s p e c t i v e  l e v e l .  

Between 140 km and 250 kcl, t h e  m a j o r i t y  of a i r c r a f t  o b s e r v a t i o n s  

employed i n  t h i s  t h e s i s  are supp l i ed  by Powell. Powell ob ta ined  
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aircraft data between 1600 CZtT 11 September and 1800 GPiT 12 September 

from a total of 4 research flights. He obtained the time-averaged wind 

observations used here by averaging a series of 30 consecutive 1 sec. 

aircraft wind measurements. Most of the time-averaged wind 

measurements used are near 560 m or 1600 m; however, observations 

ranging from 300 m to 2000 m are employed. 

Additional wind observations from between 140 km and 250 km are 

obtained from aircraft data collected between 1130 GMT 11 September and 

0200 GMT 13 September and supplied by D. Jorgenson. These data are 

examined for flight-leg segments at radii between 140 and 250 km which 

contain at least '30 1-sec. observations. To guard against using 

non-representative aircraft data, flight-leg segments are checked for 

substantial fluctuations in aircraft heading and altitude. As 

suggested by Frank (personal communication, 19841, a flight-leg segment 

is not used if the aircraft heading changes by more than 1 deg. per 

second between any 2 observations. Moreover, flight-leg segments 

exhibiting radar altitude changes of more than 200 m are not used. 

Flight-leg segments which satisfy the above criteria are averaged over 

a period of 30 sec., and the resultant mean wind values are assigned to 

the time-averaged aircraft location and radar altitude. 

For each aircraft observation employed, radial (Vr) and tangential 

(Vt) wind components and inflow angle (a) are computed. 

2.2.2 Surface Data 

The availability of a large number of surface wind observations 

provides reasonably good surface wind coverage out to a radius of 
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1000 km. Approximately 325 over-water s u r f a c e  wind observat . ions are 

o b t a i n e d  between 1200 GMT 11 September and 0400 GMT 13 September from . 

s h i p s  of o p p o r t u n i t y ,  NOAA buoys, r e s e a r c h  a i r c r a f t  and s a t e l l i t e  d a t a .  

The s u r f a c e  wind d a t a  d i s t r i b u t i o n  is d e p i c t e d  i n  Fig. 2.2. 

I n s i d e  a r a d i u s  of 150 km, s u r f a c e  wind o b s e r v a t i o n s  are o b t a i n e d  

from Frank ' s  (1984) over-water composite a n a l y s i s  of F r e d e r i c ' s  core .  

Frank ob ta ined  s u r f a c e  wind values  by a d j u s t i n g  560 m composi te  

a i rcraf t  winds t o  t h e  s u r f a c e  based upon v e r t i c a l  wind s h e a r  

r e l a t i o n s h i p s  developed by Powell (1982). The r e s u l t a n t  s u r f a c e  

a n a l y s i s  a f f o r d s  good wind d a t a  r e s o l u t i o n  ove r  t h e  e n t i r e  c o r e  

domain . 
Outs ide  approx ima te ly  150 km, most s u r f a c e  wind o b s e r v a t i o n s  are 

o b t a i n e d  from s h i p s  of o p p o r t u n i t y  and NOAA buoys. The m a j o r i t y  of 

s h i p  and buoy d a t a  are supp l i ed  by Powell. A d d i t i o n a l  s h i p  and buoy 

d a t a  are ob ta ined  from t h e  Na t iona l  Cen te r  f o r  Atnospheric  Research 

(NCAR) 

I n  large d a t a  void r eg ions ,  a l i m i t e d  number of s u r f a c e  wind 

v a l u e s  are e s t i m a t e d  t o  enhance s u r f a c e  wind r e s o l u t i o n .  The procedure 

used  to  estimate s u r f a c e  winds h e r e  is e s s e n t i a l l y  t h e  same one Frank 

(1984) used t o  estimate s u r f a c e  winds i n s i d e  F r e d e r i c ' s  core .  The on ly  

d i f f e r e n c e  is t h a t  s u r f a c e  w i n d s  are e s t i m a t e d  u s i n g  s a t e l l i t e  d a t a  

i n s t e a d  of a i r c r a f t  da t a .  A d e s c r i p t i o n  of t h e  procedure used t o  

estimate s u r f a c e  winds is given below. 

I n  areas c l e a r l y  devoid of s u r f a c e  wind d a t a ,  s a t e l l i t e  winds 

which had been a d j u s t e d  p rev ious ly  t o  560 m (see S e c t i o n  2.33) are 

reduced t o  the  s u r f a c e  u s i n g  c o r r e c t i o n  f a c t o r s  d e r i v e d  by Powell 
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(1982). A correction factor of 0.7 is applied to the wind speed if the 

surface inflow angle beneath the satellite wind is less than 20 deg., 

while a correction factor of 0.6 is used if the surface inflow angle 

exceeds 20 deg. Surface inflow angles in data void regions are 

estimated from analysis of surrounding surface wind data. Surface 

values of Vr, Vt and a are computed at each observation location using 

the appropriate raw wind values. 

2.2.3 Rawinsonde Data 

To augment wind data coverage outside Frederic's core, rawinsonde 

observations are obtained from 12 coastal launch sites between 1200 GIlT 

11 September and 0000 GMT 13 September. The locations of rawinsonde 

launch sites in relation to Frederic's storm track are depicted in 

Fig. 2.1. 

For each rawinsonde launch used, rawinsonde-measured winds at 950, 

900, 850, 800, 700, 600 and 500 mb are recorded. Winds which appear to 

be inconsistent with those at other levels are not used. The heights 

of all seven pressure levels are estimated from the hypsometric 

equation using rawinsonde-measured temperature and humidity data. If 

temperature and humidity data are unavailable at a particular launch 

site, they are estimated from the nearest available sounding. 

Since rawinsonde observations within the lowest 1-2 km may be 

contaminated by surface friction, winds within the lowest 200 mb are 

screened carefully. To aid in the screening process, the depth of the 

mixed-layer (h) is estimated at each rawinsonde launch site whenever 

possible. Estimates of h are made by determining the level at which 

the lowest temperature inversion ( 2 )  occurs. As discussed by Panofsky 
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and Dutton (19841, z is a reasonably good estimate of h under most 

conditions. It is important to note that only observations within the 

mixed-layer are assumed to be affected significantly by surface 

f ri ct ion . 
At rawinsonde launch sites where estimates of h are available,. 

rawinsonde-measured winds at pressure levels below h are not used. If 

no estimate of h is available, rawinsonde-measured winds in the lowest 

200 mb are screened subjectively for signs of surface contamination 

such as anamolously low wind speeds and unrealistic inflow. 

Observations which exhibit either of these signs are not used. 

For each rawinsonde observation used Vr, Vt and a are computed 

from the raw rawinsonde-measured winds. 

2.2.4 Satellite Data 

On 11 and 12 September, successive visible GOES-1 satellite images 

of hurricane Frederic were employed to derive CFlW's at radii between 

approximately 150 km and 1000 km. Cloud motion winds were obtained 

within the time intervals between roughly 1600-1645 GMT and 

1930-2015 GMT on 11 September and 1623-1637 GMT, 1922-1944 GMT and 

2200-2230 GMT on 12 September by E. Rodgers of the Laboratory of 

Atmospheric Sciences, Goddard Space Flight Center, National Aeronautics 

and Space Administration. Rodgers computed lower-tropospheric CMW's by 

subjectively tracking clouds using NASA's AOIPS (Atmospheric and 

Oceanographic Image Processing System) and a computer software package 

called NETPAC (Neteorological and Data Processing Package). 

AOIPSIMETPAC enables the user to select and track a cloud using a 
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series of c o n s e c u t i v e  s a t e l l i t e  images. A s p e c i f i c  po in t  on a c loud ,  

which is v i s i b l e  on a l l  images, is t r acked  s u b j e c t i v e l y  us ing  an 

e l e c t r o n i c  c u r s o r  or o b j e c t i v e l y  employing an image c o r r e l a t i o n  mode. 

The wind v e l o c i t y  of t h e  cloud is computed by d i v i d i n g  t h e  d isp lacement  

of t h e  c loud  i n  e a r t h  r e l a t i v e  c o o r d i n a t e s  by t h e  time between images. 

A more d e t a i l e d  d e s c r i p t i o n  of AOIPS and METPAC can be ob ta ined  from 

B i l l i n g s l e y  (1976) and Computer Sc iences  Corpora t ion  (1977) 

r e s p e c t i v e l y .  

The approximate ly  274 low-level CNW's used i n  t h i s  t h e s i s  were 

o b t a i n e d  by t r a c k i n g  convec t ive-sca le  c louds ,  w i t h  tops  between 

approximate ly  0 and 5 km, using a series of 3 or 4 s u c c e s s i v e  v i s i b l e  

s a t e l l i t e  images. The t i m e  i n t e r v a l  between images t r acked  was e i t h e r  

7.5 min. o r  15  min. and t h e  spa t ia l  r e s o l u t i o n  of a l l  images w a s  2 km. 

A summary of t h e  p e r t i n e n t  in format ion  r ega rd ing  t h e  CMW d a t a  set  used 

i n  t h i s  t h e s i s  is con ta ined  i n  Tab le  2.1. 

Table  2.1 S p a t i a l  and temporal r e s o l u t i o n  employed and number of 
v i s i b l e  images used when d e r i v i n g  low-level CMW d a t a  sets. 

Date Approximate S p a t i a l  Temporal Number of V i s i b l e  
Time (GMT) Resolu t ion  Reso lu t ion  Images 

(km) (min) 

11 Sept.  1600-1645 2 15.0 4 

11 Sept.  1930-2015 2 15.0 4 

12 Sept.  1623-1637 2 7.5 3 

12 Sept.  1922-1944 2 7.5 4 

12 S e p t .  2 200-2 2 30 2 15.0 3 
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Although r easonab ly  good tempora l  and s p a t i a l  r e s o l u t i o n  were 

employed when d e r i v i n g  CMW's, it  is i n e v i t a b l e  t h a t  wind measurement 

e r r o r s  were made d u r i n g  t h e  cloud t r a c k i n g  process .  A s tudy  by Hasler 

and Rodgers (1977) s u g g e s t s  t h a t  random wind measurement e r r o r s  of two 

times t h e  image r e s o l u t i o n  d iv ided  by t h e  t o t a l  t i m e  i n t e r v a l  ove r  

which c louds  were t r a c k e d  can be expec ted  when t r a c k i n g  c louds  i n  a 

h u r r i c a n e  environment.  Assuming t h e i r  fo rmula t ion  is c o r r e c t  and 

a p p l i c a b l e  t o  o t h e r  h u r r i c a n e s ,  t h e  mean random wind measurement e r r o r  

(RWME) of t h e  CMW d a t a  set is about  2.7 ms-1.. The mean error  of 

2.7 ms'l is o b t a i n e d  by summing up t h e  random wind measurement error 

computed for e a c h  of t h e  5 times l i s t e d  i n  Table  2.1 and d i v i d i n g  by 

5 .  

RWME = - 1 [1.5 ms'l + 1.5 ms'l + 4.8 ms'l + 3.5 ms'l 
5 

+ 2.2 m-11 2.7 ms'l (2.1) 

While it Is not  p o s s i b l e  t o  t o t a l l y  e l i m i n a t e  t h e  wind measurement 

errors made d u r i n g  t h e  c loud  t r a c k i n g  p rocess ,  s t e p s  can be t aken  to  

improve t h e  q u a l i t y  of t h e  CMW d a t a  set .  An o u t l i n e  of t h e  t echn ique  

used t o  improve t h e  q u a l i t y  of t h e  d a t a  set i n  t h i s  t h e s i s  is g iven  

below. 

Each series of v i s i b l e  s a t e l l i t e  images used t o  t r a c k  W ' s  is 

s u b j e c t i v e l y  checked for l a r g e  changes i n  wind speed and d i r e c t i o n  

between images. Cloud motion winds de r ived  from s a t e l l i t e  image sets 

which are thought  to  c o n t a i n  obvious wind i n c o n s i s t e n c i e s  between 
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images are not  used. Ln a d d i t i o n ,  a l l  over-land C W ' s  a r e  e l i m i n a t e d  

t o  i n s u r e  t h a t  t h e  CMW's used here do not  con ta in  o r o g r a p h i c a l l y  

Induced wind asymmetries. A l l  remain ing  W ' s  are p l o t t e d  and compared 

wi th  ne ighbor ing  va lues .  CMW's which d i f f e r  markedly from ne ighbor ing  

v a l u e s  are not  used. 

2.3 Analys is  Procedure  

2.3.1 The Cloud Not ion  Wind Height  Determina t ion  Problem 

In t h e  p a s t ,  it has  been common p r a c t i c e  t o  a s s i g n  a l l  low-level 

(2"s ob ta ined  in a t r o p i c a l  cyclone environment t o  c loud base  (i.e., 

900-950 mb). As j u s t k f i c a t i o n  f o r  making t h i s  approximation,  

r e s e a r c h e r s  such  as Hasler and Morris (1986) and Rodgers and Gentry 

(1983)  have c i t e d  s t u d i e s  conducted by Hubert  and Whitney (1971) ,  

Hasler e t  al. (1977; 1979)  and o t h e r s  which i n d i c a t e  t h a t  t h e  motion of 

a c loud  can be approximated by t h e . c l o u d  base wind. Hubert and Whitney 

(1971) compared a t o t a l  of 612 over-water  low-level CMW's t o  rawinsonde 

measured winds and concluded t h a t  t h e  " d e v i a t i o n  minimizing 

l e v e l "  - t h e  level  a t  which rawinsonde measured winds and CMW's were 

i n  t h e  best agreement - was 3000 f t  (about  900 mb). 

Hasler e t  a l .  (1977)  used i n  s i t u  a i r c r a f t  wind measurements t o  

de te rmine  t h e  agreement between t h e  v e l o c i t y  of 40 t r o p i c a l  cumulus 

c louds  - w i t h  bases  nea r  960 mb and t o p s  mainly between 600 and 

700 mb - and t h e  ambient wind a t  f o u r  l e v e l s :  150 m, c loud base ,  

mid-cloud and c loud  top. The b e s t  agreement between t h e  v e l o c i t y  of 

cumulus c louds ,  as measured by low-level  a i r c r a f t ,  and t h e  ambient wind 

was found a t  c loud base.  The v e c t o r  d i f f e r e n c e  between t h e  v e l o c i t y  of 
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a cumulus cloud and t h e  c loud  base wind was found t o  be 1 . 3  ms-1 f o r  

67% of t h e  2 1  cases wi th  t r a c k  l e n g t h s  exceeding  1 hr .  

In  an  e x t e n s i o n  of t h e i r  p rev ious  s t u d y ,  Hasler e t  a l .  (1979) 

compared i n  s i t u  a i r c ra f t  measured winds t o  low-level CMW's ob ta ined  

ove r  t h e  Northwest Car ibbean ,  Gulf of Mexico, and Northern A t l a n t i c .  A 

t o t a l  of 42 W ' s  were t r acked  i n  t h r e e  d i f f e r e n t  weather  regimes - 
t r a d e  wind, s u b t r o p i c a l  h i g h  and f r o n t a l  -- and compared t o  t h e  amblent 

wind a t  150 m, c loud  base ,  mid-cloud and cloud top. The r e s u l t s  of 

t h e i r  s t u d y  i n d i c a t e d  t h a t  i n  ocean ic  t r a d e  wind and s u b t r o p i c a l  h igh  

regimes,  CMW's w i t h  ave rage  A n d  speeds  of between 5.3 m s - 1  and 

19.0 ms'l agreed  b e s t  w i t h  the  wind a t  c loud  base 

i0.9 ms'l < (Vcloud - V C S ~ J ~  C 1.7 ms'l (where t h e  ove rba r  denotes  t h e  

mean)]. However i n  f r o n t a l  reg ions ,  CMW's wi th  ave rage  wind speeds 

of 15.7 ms'l were found t o  be i n  t h e  b e s t  agreement wi th  t h e  mean 

c loud  l a y e r  wind [(Vcloud - VMCJJ)  = 2.3 rn-l.1. 

were not  conducted i n  a t r o p i c a l  cyc lone  environment ,  i t  has been 

Although these  s t u d i e s  

hypothes ized  by Hasler and Morris (19861, Rodgers and Gentry (1983) and 

o t h e r s  t h a t  t h e  e x i s t e n c e  of small v e r t i c a l  wind s h e a r  nea r  t h e  c e n t e r  

of t r o p i c a l  cyc lones  s u g g e s t s  t h a t  a cloud may move wi th  t h e  wind a t  

c loud  base. To d a t e ,  t h e  only comparisons between v e r i f i c a t i o n  wind 

d a t a  and CMW's i n  a t r o p i c a l  cyclone environment have been performed by 

Rodgers e t  a l .  (1979) and Hasler  and Morris  (1986).  While examining 

t h e  b e n e f i t s  of u s i n g  s h o r t - i n t e r v a l  s a t e l l i t e  images t o  d e r i v e  winds 

f o r  t r o p i c a l  cyc lones ,  Rodgers e t  a l .  (1979) compared low-level CMW's 

from 3 t r o p i c a l  cyc lones  to  a i r c r a f t  winds measured 4-6 h r  la ter  a t  

e l e v a t i o n s  between 400 and 960 m. For a l l  3 CMW d a t a  se ts ,  they found 
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t h a t  a mean a b s o l u t e  wind speed d i f f e r e n c e  of 2.5 ms'l e x i s t e d  between 

a i r c r a f t  measured winds and 0"s. While t h e i r  s t u d y  found f a i r l y  good 

agreement between s a t e l l i t e  and a i r c r a f t  wind speeds ,  no similar 

comparison w a s  made between s a t e l l i t e  and a i r c r a f t  wind v e l o c i t i e s .  I n  

t h e  a u t h o r ' s  op in ion ,  t h e  f a i l u r e  t o  account  f o r  d i f f e r e n c e s  i n  wind 

d i r e c t i o n  make t h e  r e s u l t s  of Rodgers e t  a l .  i nconc lus ive .  

As p a r t  of t h e i r  s t u d y  on h u r r i c a n e  p r e c i p i t a t i o n  and cloud 

s t r u c t u r e ,  Hasler and Morris (1986) compared CMW's der ived  from v i s i b l e  

stereo imagery of h u r r i c a n e  F r e d e r i c  (1979) a t  about  1930 GMT 

1 2  September t o  nearby  rawinsondes. They concluded t h a t  t h e  b e s t  

agreement between CMW's and rawinsonde-measured winds was a t  about  

500 m n e a r  water and 1200 m over land .  However, t h e s e  conc lus ions  were 

made based upon a l i m i t e d  number of comparisons between low-level OIW's 

and rawinsondes.  As w i l l  be d i scussed  i n  S e c t i o n  2.3.2, t h e s e  

conc lus ions  &y no t  be v a l i d  over F r e d e r i c ' s  e n t i r e  domain. 

2.3.2 A Technique f o r  Determining Cloud Notion Mnd  Heights  

As noted  i n  S e c t i o n  2.3.1, a g r e a t  d e a l  of u n c e r t a i n t y  ex is t s  

conce rn ing  t h e  most a p p r o p r i a t e  l e v e l  t o  which CMW's should be a s s igned  

i n  a t r o p i c a l  cyc lone  environment. .  I n  response  t o  t h e  need f o r  f u r t h e r  

r e s e a r c h  concern ing  t h e  h e i g h t  d e t e r m i n a t i o n  problem, a c o n s i d e r a b l e  

e f f o r t  is made to  de termine  t h e  l e v e l s  a t  which Frederic's low-level 

W ' s  are i n  t h e  b e s t  agreement w i t h  v e r i f i c a t i o n  wind da ta .  As a 

matter of convenience,  t h e  leve l  a t  which t h e  b e s t  agreement between 

a CMW and v e r i f i c a t i o n  wind da ta  i s  observed  is h e r e a f t e r  r e f e r r e d  t o  

as t h e  Cloud Motion Wind Height (CMWH). 
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l n  t h i s  s e c t i o n ,  a technique  € o r  a s c e r t a i n i n g  t h e  CMWH of each 

low-level s a t e l l i t e - d e r i v e d  w i n d  employed i n  t h i s  t h e s i s  i s  presented .  

Th i s  t echn ique  appea r s  to  be capable  of d i agnos ing  t h e  s p a t i a l  

d i s t r i b u t i o n  of low-level C M U " s  o v e r  t h e  e n t i r e  s to rm domain. A 

d e t a i l e d  d e s c r i p t i o n  of t h e  technique  is presen ted  below. 

The t echn ique  employed t o  e s t i m a t e  QtWH's i n  t h i s  t h e s i s  is 

similar t o  t h e  one used by Hubert and Whitney (1971). CMW's are 

compared t o  wind p r o f i l e s  c o n s t r u c t e d  u s i n g  a i r c r a f t ,  rawinsonde, s h i p  

and buoy d a t a  t o  de termine  the " l e v e l  of  best f i t "  (LBF) - an  Idea  

f i r s t  in t roduced  by Hubert and Whitney. S i n c e  t h e  LBF is b a s i c a l l y  t h e  

l e v e l  a t  which a CMW most c l o s e l y  matches v e r i f i c a t i o n  winds,  i t  is t h e  

l e v e l  to which CMW's are as s igned  in t h i s  s tudy .  

V e r i f i c a t i o n  wind p r o f i l e s  are c o n s t r u c t e d  us ing  a i r c r a f t ,  s h i p ,  

buoy and rawinsonde wind d a t a  between about  1200 GtlT 11 September and 

0400 GMT 13 September. Data obta ined  between 1200 GMT 11 September and 

0000 GMT 12 September a r e  employed t o  c o n s t r u c t  wind p r o f i l e s  f o r  

11 September,  wh i l e  d a t a  obta ined  between 0000 GMT 12 September and 

0400 G?4T 13 September a r e  employed to  c o n s t r u c t  wind p r o f i l e s  f o r  

1 2  September. 

Outs ide  a r a d i u s  of 250 km, v e r i f i c a t i o n  wind p r o f i l e s  a r e  

c o n s t r u c t e d  between t h e  s u r f  ace  and 500 mb u'sing rawinsonde-measured 

winds and s u r f a c e  winds e s t ima ted  from nearby  area-averaged s u r f a c e  

wind da ta .  Area-averaged s u r f a c e  winds are ob ta ined  by s u b j e c t i v e l y  

ave rag ing  s u r f a c e  wind d a t a  wherever c l u s t e r s  of s u r f a c e  obse rva t ions  

e x i s t .  The c e n t r o i d  of a l l  s u r f a c e  o b s e r v a t i o n s  is l o c a t e d ,  and a l l  
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o b s e r v a t i o n s  w i t h i n  a r ad ius  of 80 km of t h e  c e n t r o i d  of a l l  p o i n t s  a r e  

averaged.  The r e s u l t a n t  mean s u r f a c e  v a l u e s  a r e  then  a s s igned  t o  t h e  

c e n t r o i d  of a l l  po in t s .  

The v e r t i c a l  r e s o l u t i o n  of v e r i f i c a t i o n  wind p r o f i l e s  o u t s i d e  

250 km v a r i e s  acco rd ing  to  t h e  number of l e v e l s  of rawinsonde data 

a v a i l a b l e  a t  a p a r t i c u l a r  launch s i te .  Although rawinsonde 

o b s e r v a t i o n s  are normally a v a i l a b l e  a t  950, 900, 850, 800, 700, 600 and 

500 mb; d a t a  may be u n a v a i l a b l e  a t  s e v e r a l  of t h e s e  l e v e l s  due t o  t h e  

e l i m i n a t i o n  of e r roneous  wind data. 

I n s i d e  a r a d i u s  of about  250 km, wind p r o f i l e s  are cons t ruc t ed  

between t h e  s u r f a c e  and roughly 2000 m u s i n g  area-averaged a i r c r a f t  and 

s u r f a c e  da t a .  Area-averaged a i r c r a f t  d a t a  are  ob ta ined  by averaging  

a i r c r a f t  o b s e r v a t i o n s  wi th  a l t i t u d e s  d i f f e r i n g  by no more than  200 m 

u s i n g  t h e  same technique  employed t o  ave rage  s u r f a c e  da ta .  

The v e r t i c a l  r e s o l u t i o n  of each  v e r i f i c a t i o n  wind p r o f i l e  between 

150 and 250 km is q u i t e  v a r i a b l e  due t o  t h e  s p o r a d i c  a i r c r a f t  coverage 

i n  t h e  lowest  2000 m. I n s i d e  140 km, F r a n k ' s  (1984) composite d a t a  

a f f o r d s  coverage a t  t h e  su r face ,  560 m and 1600 m; however, between 

150 km and 250 km d a t a  are u s u a l l y  a v a i l a b l e  o n l y  a t  t h e  s u r f a c e  and a t  

one a d d i t i o n a l  l e v e l .  

Upon complet ion of the  v e r i f i c a t i o n  wind p r o f i l e s ,  low-level CNW's 

are compared t o  t h e  n e a r e s t  v e r i f i c a t i o n  wind p r o f i l e  t o  de te rmine  t h e  

LBF. A LBF is ass igned  to  each OW which l i e s  w i t h i n  1 7 5  km of a 

V e r i f i c a t i o n  wind p r o f i l e  f o r  t h e  day t h e  CMW w a s  der ived .  I n s i d e  

250 km, each CMW is ass igned  a LBF provided  a v e r i f i c a t i o n  wind p r o f i l e  

from the  day on which t h e  QIW was d e r i v e d  is w i t h i n  100 km of t h e  CMW. 

A maximum s e p a r a t i o n  d i s t a n c e  of 100 km is used i n s t e a d  of 175 km t o  
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minimize errors itwurred when determining the LBF in a region where 

strong gradients in wind speed and direction are observed. 

Each CMW meeting the criteria outlined in the preceding two 

paragraphs is assigned an LBF. The radial and tangential wind 

components and inflow angle of each CMW are compared to the nearest 

verification profile values of V,, Vt and a to determine the level at 

which W'S are in the best agreement with verification wind data. 

After inspecting verification vertical profiles of V,, Vt and a, it is 

found that profiles of Vr and a are somewhat more useful in determining 

CMMI's than are profiles of Vt. Verification profiles of Vt are often 

difficult to employ when assigning C " ' s  because the magnitude of Vt 

is often nearly identical at several different levels. Moreover, in 

many instances, Vt does not change systematically with height. I? 

contrast, verification profiles of V, and a normally exhibit larger, 

more systematic variations with height, thus making it easier to employ 

these profiles when assigning W'S. In view of these observations, 

CMWH's are assigned heights primarily by employing verification 

profiles of Vr and a. A description of the procedure used to assign 

CMWH's is given below. 

At the nearest vertical profile location, the radial and 

tangential wind components of a CWl are compared to verification 

profile values of Vr and ae Based upon these comparisons, the CMW is 

assigned two heights. The first height assignment is made by 

determining the level at which the radial wind component of a CMW best 

fits the verifiction profile of Vr. In a similar manner, a second 

height assignment is made by determining the level at which the inflow 

angle of a CMW best fits the verification profile of a. 
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To determine at which of the two heights the CElW should be 

assigned, the tangential wind component of a CMW is compared to the 

verification-derived tangential wind at each level. The CMW is 

ultimately assigned to the level at which the smallest absolute 

difference between the tangential wind component of a CMW and the 

verification-derived tangential wind value is observed. All assigned 

cMw"s are rounded off to the nearest 100 m. A hypothetical example of 

the procedure used to assign CMW"s is outlined below. 

Given the verification profiles depicted in Fig. 2.3, one could 

argue that the radial wind component of the CMW best fits the 

verification profile of Vr at about 1250 m, while the inflow angle of 

the CMW best fits the verification profile of a at 1750 m. However, 

since the difference between the tangential wind component of the CMW 

and the verification-derived tangential wind is smallest at 1750 m, the 

CMW in this example is assigned to a rounded off height of 1800 m. 

While the technique presented here is by no means perfect, the 

author believes that the heights assigned to CMW's are reasonable and 

represent a definite improvement over assigning all low-level CMW's to 

cloud base or to any other single level. 

Of the 274  CMW's used in this thesis, a total of 92 are close 

enough to verification data to be assigned heights by the method 

outlined above (Fig. 2.4). The procedure used to estimate the heights 

of the remaining CMW's is described below. Cloud Motion Wind Heights 

from each of the two analysis days are combined to construct a map of 

CMWH's believed to be valid for the tine interval over which CMW's are 

derived. Specifically, the analysis is assumed to be valid from about 
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Figure 2 . 3  A hypochetical  example of the technique employed to 
decermine WH's. The horizontal l i n e  connecting the 
czlw and the ver t i ca l  axis on each graph indicates  the 
l e v e l  of best agreement betveen the c.Iw and the 
veri Eicacion proEiles of the radial  and tangent ia l  
vind and inflow angle. 



Figure 2.4 Location and CRRJH's (km) of all low-level C W ' s  assigned 
heights on either 11 or 12 September using verification 
wind profiles. 
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1600 GFIT 11 September t o  about 2230 QlT 12 September. S ince  cMW"s 

seem c o n s i s t e n t  from 11 t o  12 September i n  a r e a s  con ta in ing  d a t a  on 

both days (Fig.  2.4),  t h e  au tho r  f e e l s  j u s t i f i e d  i n  combining CMWH's 

ob ta ined  on 11 and 12 September. The combined set  of CMW"s a r e  

averaged l o c a l l y  t o  o b t a i n  a smoothed h e i g h t  f i e l d  and then 

s u b j e c t i v e l y  analyzed.  ClIWH's which d i f f e r  markedly from ne ighbor ing  

h e i g h t  va lues  are n o t  used to  o b t a i n  t h e  f i n a l  BlWH a n a l y s i s  d e p i c t e d  

i n  Fig. 2.5. 

The r e s u l t a n t  map of (=Mw"s is used t o  a s s i g n  h e i g h t s  t o  t h e  

remain ing  OlW's. 

p o s i t i o n  r e l a t i v e  t o  F r e d e r i c ' s  c e n t e r .  S i n c e  CMWH's appear  t o  be 

c o n s e r v a t i v e  f o r  t h e  pe r iod  from 1600 GMT 11 September t o  

2230 GMT 12 September, a s s ign ing  0 W " s  us ing  t h e  composite he igh t  

a n a l y s i s  d e p i c t e d  i n  Fig. 2.5 is reasonable .  

Each CMW is a s s i g n e d  a h e i g h t  c o n s i s t e n t  w i th  i ts  

Upon i n s p e c t i n g  t h e  CMWH a n a l y s i s  shown i n  Fig.  2.5, i t  is clear 

t h a t  cMW"s vary  s y s t e m a t i c a l l y  o v e r  F r e d e r i c ' s  domain. I n s i d e  about  

5 deg. r a d i u s ,  CXWH's g e n e r a l l y  exceed 1000 m w i t h  an  area of maximum 

CMWH's observed about  3 deg. r a d i u s  east of t h e  s torm cen te r .  Ou t s ide  

about  5 deg. r a d i u s ,  CMkX's are main ly  between 500 and 1000 m wi th  t h e  

e x c e p t i o n  being an area s o u t h e a s t  of t h e  s torm where CMw"s are less 

than  500 ut. 

While t h e  cause  of t h e  observed C" d i s t r i b u t i o n  Is u n c e r t a i n ,  

t h e r e  are a number of p l a u s i b l e  e x p l a n a t i o n s .  I t  is hypothesized t h a t  

some of t h e  observed CMWH v a r i a t i o n s  are r e l a t e d  t o  v a r i a t i o n s  in t h e  

magnitude of t h e  v e r t i c a l  wind s h e a r .  Moreover, r eg iona l  d i f f e r e n c e s  

in cloud base h e i g h t  and cloud d e p t h  a l s o  may c o n t r i b u t e  t o  the  

observed CMWH p a t t e r n .  
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Figure 2 . 5  'Plan view of low-level OIWH's (km). Only the 
loca t ions  of low-level o i t l ' s  employed to  obtain the 
f i n a l  OiWH analysis  are shown ( see  t e x t ) .  
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As sugges t ed  by Malkus  (1949), a cumulus c l o u d ' s  motion is a 

f u n c t i o n  of the  cloud base wind and t h e  v e r t i c a l  wind shea r .  Hence, in 

a more h i g h l y  sheared  environment one would expec t  a cumulus cloud t o  

move wi th  t h e  wind a t  a l e v e l  o the r  than  cloud base. While the  

ev idence  is not conc lus ive ,  the s t r e n g t h  of t h e  v e r t i c a l  wind shea r  may 

be p a r t l y  r e s p o n s i b l e  f o r  t h e  CMWH maximum j u s t  east  of F r e d e r i c ' s  

c e n t e r .  The t o t a l  v e r t i c a l  wind s h e a r  measured between t h e  s u r f a c e  and 

500 mb i n  t h e  r e g i o n  of maximum CMW"s is  about 2.5 x 10-3 s-1. 

is roughly  double  t h e  v e r t i c a l  wind s h e a r  observed i n  t h e  r eg ion  of 

minimum C?lU"s s o u t h e a s t  of the s to rm ' s  cen te r .  Consequent ly ,  it is 

b e l i e v e d  t h a t  t h e  r eg ion  of maximum CMWH's may r e f l e c t  t h e  t r a c k i n g  of 

c loud  t o p s  which have been sheared o f f  i n  a r eg ion  of a p p r e c i a b l e  wind 

shea r .  

T h i s  

Regional  d i f f e r e n c e s  in t h e  h e i g h t  of c loud base and t h e  depth  of 

a cloud may a l s o  c o n t r i b u t e  t o  v a r i a t i o n s  i n  low-level C?W"s.  T h i s  

e x p l a n a t i o n  seems e s p e c i a l l y  a p p l i c a b l e  s o u t h e a s t  of F r e d e r i c ' s  c e n t e r  

where a wedge of lowered CMW"s c o i n c i d e s  wi th  a reg ion  of co ld  water 

observed  by Black (1983). I n  such a r eg ion ,  one would expec t  

convec t ion  t o  be suppressed  thereby l e a d i n g  to  sha l lower  c louds  and 

lower CMW" S. 

Regard less  of which, if e i t h e r ,  of t hese  e x p l a n a t i o n s  is c o r r e c t ,  

i t  seems appa ren t  t h a t  low-level cumulus c louds  t r acked  i n  a t r o p i c a l  

cyc lone  environment do no t  approximate t h e  wind a t  one l e v e l .  Hence, 

t h e  practice of a s s i g n i n g  a l l  low-level CMW's t o  a c o n s t a n t  c loud base  

h e i g h t  of about 950 mb is bel ieved t o  be flawed. 
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2 .3 .3  Adjustment of Cloud Motion Winds t o  Ana lys i s  Levels 

To i n c r e a s e  low-level wind r e s o l u t i o n  CMW's are a d j u s t e d  t o  560 

and 1600 m so t h a t  they  may be combined wi th  a i r c r a f t  and rawinsonde 

d a t a  at each of t h e  aforementioned l e v e l s .  As w i l l  be shown i n  

Chapters  3 and 4 ,  t h e  a v a i l a b i l i t y  of i n t e g r a t e d  wind d a t a  s e t s  a t  560 

and 1600 m as w e l l  as a good su r face  wind a n a l y s i s  provide  the  wind 

coverage needed t o  perform u s e f u l  ana lyses .  

The r a d i a l ,  t a n g e n t i a l  and t o t a l  h o r i z o n t a l  wind components of 

each  CMW are a d j u s t e d  to  560 and 1600 m based upon s h e a r s  computed a t  

t h e  v e r i f i c a t i o n  wind p r o f i l e  s i tes  used when a s s i g n i n g  low-level 

C " ' s  i n  S e c t i o n  2.3.2.  Outside 250 km, t h e  a v a i l a b i l i t y  of 

rawinsonde-measured wind d a t a  between about  950 and 500 mb and a good 

s u r f a c e  wind a n a l y s i s  make i t  p o s s i b l e  t o  compute s h e a r s  i n  t he  

v e r i f i c a t i o n  wind components between t h e  fo l lowing  l e v e l s :  s u r f a c e  and 

950 mb ( 5 2 0  m ,  3 3 ) ,  950 and 850 mb (1492 m ,  211, 850 and 700 mb 

(3120  m,  3 6 )  and 700 and 500 mb ( 5 8 4 8  m ,  7 3 ) .  The numbers i n  

p a r e n t h e s i s  r e p r e s e n t  t h e  average h e i g h t  and s t anda rd  d e v i a t i o n  of each 

of  t h e  5 p r e s s u r e  l e v e l s .  

I n s i d e  250 km, wind d a t a  above t h e  s u r f a c e  is ob ta ined  s o l e l y  

from r e s e a r c h  a i r c r a f t ;  hence,  i t  is  on ly  p o s s i b l e  t o  compute s h e a r s  

between t h e  s u r f a c e  and 560 m and between 560 and 1600 m. 

Shears  i n  V r ,  Vt  and V computed from v e r i f i c a t i o n  wind p r o f i l e s  on 

11 and 12 September are s t r a t i f i e d  by l a y e r  and wind component. Shears  

are then  p l o t t e d  r e l a t i v e  t o  F r e d e r i c ' s  c e n t e r  and s u b j e c t i v e l y  

ana lyzed  t o  produce a n a l y s e s  of A V r ,  AVt  and AV between each of t h e  
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f i v e  layers o u t l i n e d  above. I t  is be l i eved  t h a t  t h e s e  a n a l y s e s  a r e  

r e p r e s e n t a t i v e  of t h e  pe r iod  from 1200 GMT 11 Sep tember  t o  0400 GMT 

13 September. 

Two approximat ions  are made t o  f a c i l i t a t e  t h e  c o n s t r u c t i o n  of 

s h e a r  ana lyses .  F i r s t ,  s i n c e  no s i g n i f i c a n t  or s y s t e m a t i c  change i n  

s h e a r  magnitude w a s  observed to have occur red  from 11 t o  12 September, 

s h e a r s  from 11 and 12  September are combined. Eloreover, i t  is assumed 

t h a t  t h e  d e p t h  of each of t h e  f i v e  l a y e r s  w i t h i n  which s h e a r s  are 

computed is c o n s t a n t  over  F r e d e r i c ' s  e n t i r e  domain. T h i s  assumption 

seems r e a s o n a b l e  s i n c e  the  he ights  of t h e  f i v e  p r e s s u r e  l e v e l s  do no t  

v a r y  s i g n i f i c a n t l y  a t  any v e r i f i c a t i o n  wind p r o f i l e  s i t e ,  as evidenced 

by t h e  s m a l l  s t a n d a r d  d e v i a t i o n s  i n  p r e s s u r e  l e v e l  h e i g h t s  c i t e d  

p rev ious ly .  

The a n a l y s e s  of AVr, AVt and AV are used t o  a d j u s t  W ' s  t o  560 

and 1600 rn excep t  la a por t ion  of t h e  SW quadran t  where the l a r g e  

d i s t a n c e s  s e p a r a t i n g  s h e a r  values  p rec lude  t h e  use  of s h e a r  ana lyses .  

The t echn ique  used i n  t h a t  region is d i s c u s s e d  l a t e r  i n  t h i s  s e c t i o n .  

A h y p o t h e t i c a l  example of t h e  t echn ique  used t o  a d j u s t  t h e  m a j o r i t y  of 

O W ' S  t o  each  a n a l y s i s  level is g iven  below. 

To i l l u s t r a t e  t h e  procedure used t o  a d j u s t  0"s t o  560 and 

1600 m, cons ide r  a CMW assigned a h e i g h t  of 2000 m wi th  a radial  w i n d  

of -2 ms-1. 

560 and 1600 m a n a l y s i s  l e v e l s ,  t h e  s h e a r  of t h e  r a d i a l  wind must be 

computed between t h e  CMW and each a n a l y s i s  l e v e l .  Between 2000 and 

1600 m,  t h e  r a d i a l  wind shear  i s  computed by employing t h e  a n a l y s i s  of 

AV, f o r  t h e  l a y e r  between 700 and 850 mb d i scused  p rev ious ly .  To 

i l l u s t r a t e ,  assume t h a t  V, c o n s i s t e n t  w i th  t h e  p o s i t i o n  of t h e  CMW i s  

To a d j u s t  t h e  r a d i a l  wind component of t h e  CMW t o  both t h e  
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about  -2 x 10-3 s-1 f o r  t h e  layer  from 700-850 mb. 

m u l t i p l i e d  by t h e  d i s t a n c e  between t h e  CMW and t h e  1600 m a n a l y s i s  

l e v e l  (Az) t o  o b t a i n  t h e  c o r r e c t i o n  f a c t o r  (CF) needed t o  a d j u s t  t h e  

QlU t o  1600 m [CF = A V r  Az = -2 x 10-3 s-1 x 400 m = -0.8 m s-l] . 
T h i s  c o r r e c t i o n  f a c t o r  is then employed t o  o b t a i n  t h e  a d j u s t e d  CMW 

r a d i a l  wind component a t  1600 m [Vr1600 - Vr2000 + CF = -2.0 + -0.8 = 

-2.8 m s-11. 

a d j u s t e d  to  560 m us ing  t h e  same procedure  d e s c r i b e d  above wi th  t h e  

o n l y  d i f f e r e n c e  be ing  t h a t  t h e  c o r r e c t i o n  f a c t o r  is computed u s i n g  t h e  

a n a l y s i s  of AVr f o r  t h e  l a y e r  between 850 and 950 mb. 

procedure  is used t o  a d j u s t  the t a n g e n t i a l  and t o t a l  wind components of 

That s h e a r  is then  

The a d j u s t e d  r a d i a l  wind component a t  1600 m i s  then  

The exac t  same 

a CMW t o  560 and 1600 m. 

As d i s c u s s e d  p r e v i o u s l y ,  the  s p a r s i t y  of v e r i f i c a t i o n  wind 

p r o f i l e s  i n  a p o r t i o n  of t h e  southwest quadrant  p rec ludes  t h e  use of 

t h e  ad jus tment  technique  descr ibed  above. Consequent ly ,  a d i f f e r e n t  

t echn ique  is in t roduced  t o  a d j u s t  t h e  CMU's i n  t h i s  reg ion .  For each  

CMW i n  t h i s  d a t a  s p a r s e  area, A V r ,  A V t  and A V  are computed f o r  t h e  

l a y e r  between t h e  CMW and t h e  su r face .  The s h e a r s  are ob ta ined  by 

d i v i d i n g  t h e  d i f f e r e n c e  between t h e  CMW and s u r f a c e  v a l u e s  of V,, Vt  

and V by t h e  d e p t h  of t h e  l aye r  between t h e  CMW and t h e  s u r f a c e  ( i .e . ,  

t h e  (3"). 

composi te  s u r f a c e  winds d iscussed  i n  Chapter  3. The r a d i a l ,  t a n g e n t i a l  

and t o t a l  wind components of each CMW a r e  a d j u s t e d  t o  560 and 1600 

us ing  t h e  aforementioned shears  and t h e  same methods employed t o  a d j u s t  

W ' s  i n  o t h e r  a r e a s  of t h e  storm. 

S u r f a c e  estimates of V r ,  Vt  and V are ob ta ined  us ing  

All a d j u s t e d  CMW va lues  a re  p l o t t e d  a t  the  appropriate l e v e l  

( i . e - ,  560 or 1600 m) t o  check for cons i s t ency .  Those va lues  which 
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d i f f e r  markedly wi th  ne ighbor ing  va lues  a r e  d i sca rded .  The a d j u s t e d  

t o t a l  OW'S a t  560 and 1600 m as  w e l l  as t h e  a i r c ra f t  and rawinsonde d a t a  

a t  each  of t h e s e  l e v e l s  are dep ic t ed  i n  Figs.  2.6 and 2.7 r e s p e c t i v e l y .  

2.4 Composite Procedure  

2.4.1 Compositing Phi losophy 

I n  t h i s  t h e s i s ,  h u r r i c a n e  F r e d e r i c  is assumed to  be i n  s teady-  

state between 1200 GMT 11 September and 0400 GMT 13 September. 

Although F r e d e r i c ' s  c e n t r a l  p re s su re  dropped from- 980 t o  945 mb d u r i n g  

t h i s  p e r i o d ,  o b s e r v a t i o n 8  made by Powell  (1982) and t h e  a u t h o r  ( t h i s  

s t u d y )  sugges t  t h a t  t h e  storm's s t r u c t u r e  remained n e a r l y  c o n s t a n t  from 

1200 GMT 11 September t o  0400 GMT 13 September. 

Powe l l ' s  (1982) s t u d y  of F r e d e r i c ' s  c o r e  r e v e a l e d  t h a t  no 

a p p r e c i a b l e  change i n  storm s t r u c t u r e  occur red  du r ing  t h e  pe r iod  from 

about  1400 GMT 11 September to  0400 GMT 13 September. As noted i n  

S e c t i o n  2.1, Powell  found t h a t  F r e d e r i c ' s  maximum s u s t a i n e d  f l i g h t -  

l eve l  winds i n c r e a s e d  by on ly  10 ms-1, from 48 ms-1 t o  58 m s - l ,  between 

1600 GMT 11 September and 0000 GMT 13 September. Moreover, he found 

t h a t  t h e  r a d i u s  of maximum winds remained n e a r  35 km from 1400 CMT 

11 September t o  0200 GMT 13 September. 

The a u t h o r ' s  i n s p e c t i o n  of winds i n  t h e  environment su r round ing  

F r e d e r i c ' s  c o r e  l ends  s u p p o r t  t o  t h e  s t e a d y - s t a t e  approximation.  

S p e c i f i c a l l y ,  rawinsonde and a d j u s t e d  CMW v e l o c i t i e s  do not  appear  t o  

have changed s i g n i f i c a n t l y  from 11 to  12 September a t  e i t h e r  560 or 

1600 m (F igs .  2.6 and 2.7). In  a d d i t i o n ,  as d i scussed  i n  Sec t ion  2.3.3, 

no s i g n i f i c a n t  changes in v e r t i c a l  wind s h e a r  occurred  frorn.11 t o  

12 September. 
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It is believed that the findings of Powell as well as the author's 

observations justify compositing data collected between 1200 GMT 

11 September and 0400 GMT 13 September. While some loss in temporal 

resolution can be expected to occur when cornpositing data over a 40 hr 

period, the benefits of increased data resolution are thought to 

outweigh any loss in temporal resolution. This is  especially true in 

the northwest and northeast quadrants of the storm, where the removal 

of overland data has resulted in limited data coverage at 560 and 

1600 m on both 11 and 12 September. 

data over a 40 hr period is essential to obtaining realistic wind 

In these quadrants, compositing 

fields . 
2.4.2 Compositing Technique 

A l l  surface, aircraft, rawinsonde and cloud motion winds collected 

between 1200 GMT 11 September and 0400 GMT 13 September are composited 

relative to Frederic's center at the surface, 560 and 1600 m. 

Frederic's center positions between 1200 GMT and 1600 GMT 11 September 

are obtained from Jorgenson (personal communication, 1984), while 

center positions between 1600 GMT 11 September and 0400 GMT 

13 September are computed using best fit equations supplied by Powell 

(personal communication, 1984). Aircraft data composited at 560 and 

1600 m deviated by no more than 200 m from each respective composite 

level. Rawinsonde data composited at 560 and 1600 m are obtained from 

the 950 and 850 mb presure levels respectively and are within about 

100 m of those levels. By definition, adjusted 560 and 1600 m CMW's 

are assumed to apply to the 560 and 1600 q composite levels. 
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Composite wind d a t a  se t s  a t  t h e  s u r f a c e ,  560 and 1600 m a r e  

o b j e c t i v e l y  ana lyzed  on t h e  PSU meteorology computer s y s t e m  us ing  a 

Bergthorssen-Cressman-Doos (BCD) a n a l y s i s  scheme. The BCD a n a l y s i s  

scheme is very  similar t o  t h e  Cressman scheme (1959) wi th  the  major 

improvement be ing  t h e  scheme's a b i l i t y  t o  l o c a t e  maximum and minimum 

v a l u e s  i n  t h e  ana lyzed  f i e l d .  A more d e t a i l e d  d e s c r i p t i o n  of t he  BCD 

a n a l y s i s  scheme can be found in  Glahn, Hollenbaugh and Lowry (1969). 

O b j e c t i v e l y  ana lyzed  winds a t  t h e  s u r f a c e ,  560 and 1600 m are 

composited o n t o  a 40 x 30 r e c t a n g u l a r  g r i d .  

used,  t hus  t h e  g r i d  domain is 2730 km long  and 2030 km wide. The 

number and r a d i i  of i n f l u e n c e  of passes employed t o  o b j e c t i v e l y  ana lyze  

composi te  winds are chosen based upon t h e i r  a b i l i t y  t o  f i l l  d a t a  void 

r e g i o n s  wh i l e  p r e s e r v i n g  t h e  asymmetries of t h e  o r i g i n a l  wind f i e l d .  

A t  t h e  s u r f a c e ,  i t  was determined t h a t  pas ses  made a t  140, 100 and 

70 km were most s u c c e s s f u l  i n  accomplishing t h e s e  g o a l s ,  whi le  passes 

made a t  120, 85 and 65 km were found t o  be most s u c c e s s f u l  a t  560 and 

1600 m. 

A g r i d  s p a c i n g  of 70 km is  

S ince  it is more a p p r o p r i a t e  t o  employ c y l i n d r i c a l  c o o r d i n a t e s  

r a t h e r  than  C a r t e s i a n  coord ina te s  when ana lyz ing  h u r r i c a n e s ,  

o b j e c t i v e l y  ana lyzed  winds a re  composited o n t o  a c y l i n d r i c a l  g r i d  

(Fig.  2.8). 

bands,  each of which is div ided  i n t o  16 s e c t i o n s  22.5 deg. i n  az imutha l  

e x t e n t  (160 g r i d  spaces). A l l  wind d a t a  which f a l l  w i t h i n  a g iven  g r i d  

space a r e  averaged t o g e t h e r ,  and t h e  r e s u l t a n t  mean wind va lue  is 

ass igned  t o  the  c e n t e r  of the g r i d  space. This  procedure is employed 

t o  o b t a i n  mean va lues  of V r ,  Vt  and V f o r  each g r t d  space. Winds are 

The g r i d  employed h e r e  is comprised of 10 ,  1 deg. r a d i a l  
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composited i n  both  natural  (NAT) and motion (MOT) coord inates .  To 

obtain  motion winds, the mean storm motion of 5 . 5  ms'l from 149' i s  

subtracted from a l l  winds. As w i l l  be d i scussed  i n  subsequent 

chapters ,  these va lues  are used f o r  a l l  o f  the ana lyses  performed i n  

t h i s  t h e s i s .  
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Chapter  3 

COMPOSITE WINDS 

In  t h e  p a s t ,  i t  has been d i f f i c u l t  t o  perform an a c c u r a t e  

mul t ip l e - sca l e  a n a l y s i s  of t h e  in f low l a y e r  s t r u c t u r e  of a s i n g l e  

t r o p i c a l  cyclone due t o  t h e  absence of adequate  wind coverage over  t h e  

e n t i r e  s torm domain. I n s i d e  about 150 km r e s e a r c h  a i r c r a f t  have 

a f f o r d e d  good h o r i z o n t a l  wind ,coverage of a s to rm ' s  low-level s t r u c t u r e  

but  on ly  l i m i t e d  v e r t i c a l '  wind r e s o l u t i o n ,  s i n c e  a i rc raf t -measured  

winds have g e n e r a l l y  been a v a i l a b l e  o n l y . a t  a s i n g l e  l e v e l  ( u s u a l l y  

around 900 mb) w i t h i n  t h e  lowest 200 mb. Outs ide  150 km rawinsonde and 

s a t e l l i t e  winds have been employed t o  r e s o l v e  a s to rm ' s  l a r g e  scale 

s t r u c t u r e ;  however, t h e  d e n s i t y ,  q u a l i t y  and v e r t i c a l  r e s o l u t i o n  of t h e  

wind measurements provided by t h e s e  sou rces  has  g e n e r a l l y  been 

i n s u f f i c i e n t  t o  o b t a i n  accu ra t e  a n a l y s e s  of a s t o m ' s  l a rge - sca l e  

low-level s t r u c t u r e .  

The a v a i l a b i l i t y  of unusua l ly  good wind coverage a t  t he  s u r f a c e ,  

560 and 1600 m make i t  poss ib l e  t o  overcome t h e  aforementioned problems 

and e n a b l e  t h e  a u t h o r  t o  analyze t h e  low-level s t r u c t u r e  of a s i n g l e  

t r o p i c a l  cyc lone  ( F r e d e r i c )  out t o  a r a d i u s  of 10 deg. l a t i t u d e .  I n  

t h i s  c h a p t e r ,  composite winds a t  t h e  s u r f a c e ,  560 and 1600 m are 

employed t o  i n v e s t i g a t e  t h e  axisymmetric and asymmetric low-level 

wind s t r u c t u r e  of h u r r i c a n e  Frederfc .  Analyses of F r e d e r i c ' s  r a d i a l  

and t a n g e n t i a l  wind components as w e l l  as d ivergence  (Div) and 

v o r t i c i t y  (C) f i e l d s  a r e  presented a t  t h e  s u r f a c e ,  560 and 1600 m ,  
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whi le  a n a l y s e s  of t h e  s t o r m ' s  v e r t i c a l  v e l o c i t y  (w) f i e l d s  are d e p i c t e d  

a t  560 and 1600 m. 

The a n a l y s i s  procedure  employed i n  t h i s  t h e s i s  is not capab le  of 

r e s o l v i n g  t h e  d e t a i l e d  s to rm s t r u c t u r e  i n s i d e  a r a d i u s  of about 1.5 

deg.; consequen t ly ,  t h e  magnitude and l o c a t i o n  of f e a t u r e s  w i t h i n  t h i s  

r a d i u s  are on ly  approximate  ones. A d e t a i l e d  a n a l y s i s  of F r e d e r i c ' s  

i n n e r  1.5 deg. r a d i u s  can  be found i n  Frank (1984). 

Throughout t h i s  c h a p t e r ,  an e f f o r t  is made t o  i l l u s t r a t e  t h e  

. d i f f e r e n c e s  between t h e  analyzed wind f i e l d s  of t h i s  s t u d y  and those  

whFch r e s u l t  when a l l  W's are  a s s i g n e d  t o  a c o n s t a n t  h e i g h t  of 560 m 

r a t h e r  t h a n  t o  t h e  h e i g h t s  determined in S e c t i o n  2 . 3 . 2 .  To accomplish 

t h i s ,  a n a l y s e s  of V r ,  V t ,  Div, F and w are obta ined  a t  560 and 1600 m 

u s i n g  c o r r e c t e d  and raw wind data sets and then compared. Both 

c o r r e c t e d  and raw wind d a t a  s e t s  are comprised of rawinsonde, a i r c r a f t  

and CPlW d a t a ;  however, o n l y  c o r r e c t e d  wind d a t a  se ts  are a d j u s t e d  f o r  

t h e  v a r i a t i o n s  i n  low-level  cMW"s shown i n  F i g .  2.5. I n  t h e  raw wind 

d a t a  sets, a l l  W's are ass igned  t o  t h e  560 m a n a l y s i s  l e v e l  w i thou t  

ad jus tmen t  . 
3.1 R a d i a l  Winds 

P lan  view a n a l y s e s  of Vr i n  NAT c o o r d i n a t e s  a t  t h e  s u r f a c e ,  560 

and 1600 m are p resen ted  i n  Figs. 3.1-3.3. The r a d i a l  wind f i e l d s  

. d e p i c t e d  i n  t h e s e  f i g u r e s  appear r easonab ly  c o n s i s t e n t  between l e v e l s ,  

which is encouraging  cons ide r ing  t h a t  s u r f a c e  winds a r e  ob ta ined  

l a r g e l y  from d i f f e r e n t  sources  than  a r e  those  a t  560 and 1600 m. 

Inf low is observed over  t h e  m a j o r i t y  of t h e  s to rm ' s  domain a t  each  

a n a l y s i s  l e v e l .  The r eg ion  of enhanced r a d i a l  i n f low observed 
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Figure 3.1 Plan view of radial v inds  (as-1)  a t  the  surface i n  
NAT coordinates .  
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Figure 3.2 Same as Fig. 3.1, but a t  560 m. 
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Figure 3.3  Same aa Fig. 3.1, but a t  1600 m. 
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s o u t h e a s t  of t h e  s torm c e n t e r  is c o n s i s t e n t  wi th  Powel l ' s  (1982) 

s u r f a c e  wind a n a l y s i s .  Powell (1982)  sugges ted  t h a t  t h i s  reg ion  of 

s t r o n g  in f low may r e s u l t  from decoupl ing  of t h e  boundary layer  over  

F r e d e r i c ' s  co ld  wake. A p r i n c i p a l  i n f low maximum is observed about  

2 deg. r a d i u s  n o r t h e a s t  of the s t o r m  center a t  each a n a l y s i s  l e v e l  w i th  

t h e  s t r o n g e s t  i n f low observed a t  t h e  s u r f a c e .  The p o s i t i o n  of t h e  

p r i n c i p a l  i n f low maximum is c o n s i s t e n t  w i th  Frank ' s  (1984) s tudy  of 

F r e d e r i c ' s  core.  A secondary  i n f l o w  maximum is observed about  

8 deg. r a d i u s  n o r t h e a s t  of F r e d e r i c ' s  c e n t e r  a t  a l l  l e v e l s  but  is most 

pronounced a t  5 6 0  m. It is hypothes ized  t h a t  t h e  secondary in f low 

maximum n o r t h e a s t  of t h e  storm c e n t e r  is t h e  r e s u l t  of i n t e r a c t i o n  wi th  

a h igh  p r e s s u r e  system r idg ing  down t h e  east  c o a s t  of t h e  United 

S t a t e s .  

Outflow is observed over  a broad a r e a  west of F r e d e r i c ' s  c e n t e r  a t  

each  a n a l y s i s  l e v e l .  An outf low maximum is observed a t  about  5 deg. 

r a d i u s  northwest  of t h e  storm c e n t e r  a t  560  and 1600 m and about  8 deg. 

r a d i u s  west of t h e  s torm cen te r  a t  t h e  su r face .  

Plan view a n a l y s e s  of Vr a t  t h e  s u r f a c e ,  560 and 1600 m in NOT 

(s torm motion s u b t r a c t e d  o u t )  c o o r d i n a t e s  are dep ic t ed  i n  

F igs .  3.4-3.6.  Although t h e  a n a l y s e s  of Vr i n  MOT coord ina te s  are 

s imilar  t o  those  i n  NAT ( s t a t i o n a r y )  c o o r d i n a t e s ,  t h e r e  are some 

noteworthy d i f f e r e n c e s .  S p e c i f i c a l l y ,  r a d i a l  in f low i n  MOT c o o r d i n a t e s  

is observed t o  cover  a smaller area than  was observed i n  NAT 

coord ina te s .  Moreover, whi le  t h e  l o c a t i o n s  of in f low maxima i n  MOT 

c o o r d i n a t e s  c o i n c i d e  roughly with those  i n  NAT c o o r d i n a t e s ,  t h e  former 

are somewhat s t r o n g e r .  
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Figure 3 . 4  Plan view of radial vinds (ais'') a t  the surface in 
M O T  coordinates. 
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Figure 3.6 Same as Fig. 3 . 4 ,  but a t  1600 m. 
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The area covered by r a d i a l  o u t f l o w  i n  MOT c o o r d i n a t e s  is broader  

than  t h a t  observed i n  NAT c o o r d i n a t e s  a t  each a n a l y s i s  l e v e l .  

Moreover, ou t f low maxima observed w e s t  of t h e  s to rm c e n t e r  i n  NAT 

c o o r d i n a t e s  are no t  v i s i b l e  i n  MOT c o o r d i n a t e s .  T h i s  is r easonab le  

s i n c e  s u b t r a c t i n g  o u t  t h e  mean s to rm motion of 5.5 ms'l from 149' 

shou ld  r e s u l t  i n  weaker r a d i a l  o u t f l o w  n o r t h  and vest of t h e  s to rm 

c e n t e r  i n  MOT coord ina te s .  It is also worth n o t i n g  t h a t  a w e l l  d e f i n e d  

o u t f l o w  maximum is observed sou theas t  of F r e d e r i c ' s  c e n t e r  a t  1600 m i n  

MOT c o o r d i n a t e s ,  while o n l y  weak o u t f l o w  is observed s o u t h e a s t  of 

F r e d e r i c ' s  c e n t e r  in NAT'coordinates. 

A two-dimensional c ros s - sec t ion  of V r  is d e p i c t e d  i n  Fig. 3.7. 

In f low is observed between the  s u r f a c e  and 1600 m a t  a l l  r a d i i  between 

1 and 10 deg. w i th  maxima observed a t  approximate ly  2 and 9 deg. 

r a d i u s .  It is noteworthy t h a t  maximum r a d i a l  i n f l o w  is found nea r  t h e  

s u r f a c e  i n s i d e  about  6 deg. r ad ius  and n e a r  560 m beyond 6 deg. r ad ius .  

P rev ious  composite s t u d i e s  conducted by Nunez and Gray (1977),  Frank 

(1977a),  Holland (1983b) 'and o t h e r s  i n d i c a t e  t h a t  maximum r a d i a l  in f low 

o c c u r s  nea r  950 nb a t  a l l  r a d i i .  While i t  is conce ivab le  t h a t  t h e  

observed  s u r f a c e  in f low maximum is t h e  r e s u l t  of wind asymmetries which 

are unique t o  t h i s  s torm,  i t  is hypo thes i zed  t h a t  similar s u r f a c e  

i n f l o w  maxima may have been p resen t  i n  o t h e r  s torms  but  were not  

d e t e c t e d  because of i n s u f f i c i e n t  o v e r w a t e r  s u r f a c e  wind da ta .  

R a d i a l  wind anomalies  a r e  computed a t  560 and 1600 m t o  de te rmine  

t h e  d i f f e r e n c e s  between r a d i a l  wind v a l u e s  ob ta ined  us ing  c o r r e c t e d  and 
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Figure 3.7 Two-dimensional cross-sect ion of radial vinds ( m ~ ' ~ ) .  
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r a w  wind sets. 

g r i d  p o i n t  a t  560 and 1600 rn using t h e  equa t ion :  

The r a d i a l  wind  anomaly (Vranomaly ) i s  ob ta ined  a t  each 

- 
'rraw Rad ia l  Wind Anomaly = Vrcorrected 

where V and V r  a r e  t h e  g r i d  p o i n t  r a d i a l  wind va lues  

o b t a i n e d  us ing  c o r r e c t e d  and raw wind sets r e s p e c t i v e l y .  P lan  view 

rre c t ed raw 

a n a l y s e s  of t h e  r a d i a l  wind anomaly a t  560 and 1600 m are presented  i n  

F igs .  3.8 and 3.9 r e s p e c t i v e l y .  

is no t  analyzed i n s i d e  1.5 deg. r a d i u s  a t  e i t h e r  560 o r  1600 m because 

no CMW's were t r acked  i n s i d e  t h a t  r a d i u s ;  consequent ly ,  no d i f f e r e n c e s  

It is  impor tan t  t o  n o t e  t h a t  Vranomaly 

. 

exis t  between c o r r e c t e d  and raw wind v a l u e s  of Vr. 

Examination of F igs .  3.8 and 3.9 i n d i c a t e s  t h a t  t h e  anomaly 

p a t t e r n s  are q u i t e  s i m i l a r  at both l e v e l s ,  a l though t h e  r a d i a l  wind 

anomal ies  are somewhat l a r g e r  a t  560 m i n  some regions;  Raw wind sets 

are observed t o  unde res t ima te  the  r a d i a l  i n f low (Vranomaly < 0) a t  560 

and 1600 m over  t h e  m a j o r i t y  of t h e  s to rm domain, w i t h  t h e  g r e a t e s t  

unde res t ima t ion  o c c u r r i n g  about 3 deg. r a d i u s  e a s t  of t h e  s torm where a 

r a d i a l  wind anomaly of less than -6 ms'l is observed a t  both  l e v e l s .  

Overes t imat ion  (Vranomaly > 0) of t h e  r a d i a l  in f low by raw wind sets is 

observed s o u t h e a s t  and a l s o  west of t h e  s torm c e n t e r .  The l a r g e s t  

o v e r e s t i m a t i o n  of r a d i a l  inf low by raw wind sets is found i n  a r eg ion  

exceeds abou t  8 deg. r a d i u s  w e s t  of the s torm c e n t e r  where V 
'anomaly 

4 ms-1. 
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For t h e  most p a r t ,  t h e  r a d i a l  wind anomaly p a t t e r n s  a t  560 and 

1600 m are c o n s i s t e n t  wi th  t h e  CMWH a n a l y s i s  dep ic t ed  i n  Fig.  2.5. Raw 

winds are expec ted  t o  underes t imate  t h e  r a d i a l  winds over  much of t h e  

s torm domain s i n c e  CMWH's exceed 560 m o v e r  t h e  m a j o r i t y  of t h e  s to rm 

domain and V r  t ends  t o  dec rease  w i t h  h e i g h t .  Examination of t h e  r a d i a l  

wind a n a l y s e s  ob ta ined  us ing  co r rec t ed  and raw wind sets i n d i c a t e s  t h a t  

where t h e  l a t te r  o v e r e s t i m a t e  t h e  r a d i a l  winds,  t hey  do so because of 

random e r r o r s  i n  t h e  raw r a d i a l  wind v a l u e s  and not  because t h e  CMWB's 

i n  t hose  areas are less then  560 m. The excep t ion  is s o u t h e a s t  of t h e  

s to rm a t  l a r g e  r a d i i  where analyzed cMw"s a r e  less than  560 m over  a 

broad area. I n  t h i s  reg ion  one would expec t  raw wind sets t o  

o v e r e s t i m a t e  V r  s i n c e  rawinsonde and s u r f a c e  d a t a  i n d i c a t e  V r  is 

s t r o n g e s t  n e a r  t h e  s u r f a c e  and d e c r e a s e s  w i t h  he igh t .  

Axisymmetric c o r r e c t e d  and r a w  r a d i a l  wind va lues  a t  560 and 

1600 m are shown i n  Figs .  3.10 and 3.11 r e s p e c t i v e l y .  A t  1600 m ,  

axisymmetr ic  v a l u e s  of V r  ob ta ined  by a d j u s t i n g  560 m raw winds t o  

1600 m u s i n g  a "storm mean" shear  c o r e c t i o n  f a c t o r  are a l s o  shown. The 

"storm meaa" c o r r e c t i o n  f a c t o r  is c a l c u l a t e d  based upon t h e  mean 

950-850 mb rawinsonde-derived r a d i a l  wind s h e a r  (Chapter  2) .  

Figures  3.10 and 3.11 i n d i c a t e  t h a t  raw wind sets unde res t ima te  

t h e  r a d i a l  i n f low a t  a l l  r a d i i  2 deg. It is impor tan t  t o  no te  

t h a t  1 deg. v a l u e s  of V r  ob ta ined  u s i n g  c o r r e c t e d  and raw wind sets 

r e s p e c t i v e l y  are equa l  because no d i f f e r e n c e s  between t h e  two d a t a  sets 

e x i s t  i n s i d e  1.5 deg. r ad ius .  The unde res t ima t ion  of r a d i a l  i n f low by 

raw wind sets g e n e r a l l y  inc reases  wi th  d e c r e a s i n g  r a d i u s  and is 

g r e a t e s t  a t  about  3 deg. radius .  It  is noteworthy t h a t  a t  3 and 4 deg. 
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r a d i u s ,  raw wind sets sugges t  t h a t  t h e r e  is weak out f low a t  1600 m ,  

w h i l e  c o r r e c t e d  wind sets i n d i c a t e  t h a t  i n f l o w  exceeds 2 rns-l. 

The a x i s y m e t r i c  d i f f e r e n c e s  between r a d i a l  wind va lues  ob ta ined  

u s i n g  r a w  and c o r r e c t e d  wind s e t s  are e s p e c i a l l y  impor tan t  when 

computing t h e  r a d i a l  mass f l u x  through t h e  storm. The r a d i a l  mass f l u x  

i s  computed between t h e  s u r f a c e  and t h e  t o p  of t h e  in f low l a y e r  (Ztop) 

u s i n g  t h e  equa t ion :  

where 

t h e  s u r f a c e  and Z t o p  r e s p e c t i v e l y ,  and Ztop is t h e  he igh t  of t h e  top  of 

t h e  in f low l a y e r  e s t i m a t e d  by de te rmin ing  t h e  l e v e l  a t  which Vr = 0 by 

l i n e a r  e x t r a p o l a t i o n .  S ince  the  q u a n t i t y  of thermodynamic measurements 

a v a i l a b l e  f o r  t h i s  storm is r a t h e r  l i m i t e d ,  t h e  l a y e r  average  d e n s i t y  

i s  e s t i m a t e d  u s i n g  thermodynamic d a t a  for t h e  composi te  typhoon 

(Frank,  1977a).  

and Tr are t h e  l a y e r  average d e n s i t y  and r a d i a l  wind between 

Table  3.1 compares t h e  r a d i a l  mass f l u x  through t h e  s torm ob ta ined  

u s i n g  corrected and raw wind sets. As shown i n  t h e  las t  column of 

Table  3.1, r a w  wind sets underes t imate  t h e  r a d i a l  mass f l u x  through t h e  

s t o r m  a t  a l l  r a d i i  between 2 and 10 deg., w i th  s u b s t a n t i a l  under- 

e s t i m a t i o n  observed  i n s i d e  7 deg. r ad ius .  A t  3 and 4 deg. r a d i u s ,  

t h e  r a d i a l  mass f l u x  ob ta ined  u s i n g  c o r r e c t e d  wind sets is roughly 

double  t h a t  which is ob ta ined  u s i n g  raw wind sets. Beyond 7 deg. 

r a d i u s  o n l y  minor d i f f e r e n c e s  are observed.  Cons ider ing  t h e  c r u c i a l  

r o l e  t h e  r a d i a l  mass f l u x  plays i n  computing v a r i o u s  s torm p r o p e r t i e s ,  



- -  
Table 3.1 T o t a l  mass f l u x  through t h e  s torm ( P  VrZtop) obta ined  us ing  

c o r r e c t e d  wind sets and raw wind sets. T o t a l  mass f l u x  p e r  
u n i t  area (x 103 kg m-1 s-1). 

Radius Corrected Raw Correc ted  Wind S e t s /  
(Degrees L a t i t u d e )  Wind Sets  Winds S e t s  Raw Wind Sets 

1* -6.7 -6.7 1.0 

2 -8.3 -5.9 1.4 

3 -8.3 -4.2 2.0 

4 -5.3 -2.8 1.9 

5 -3.9 -2.4 1.6 

6 -3.7 -2.6 1.4 

7 -4.3 -3.3 1.3 

8 -4.6 -4.5 1.0 

9 -4.6 -4.2 1.1 

10 -4.0 -3.5 1.1 

*NOTE: Total mass f l u x  through t h e  s to rm ob ta ined  us ing  raw and 
c o r r e c t e d  wind sets is i d e n t i c a l  a t  1 deg. r a d i u s  s i n c e  no 
d i f f e r e n c e ,  ex is t s  between raw and c o r r e c t e d  wind sets a t  t h a t  
r a d i u s  ( s e e  text) .  
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t h e  aforementioned d i f f e r e n c e s  i n  r a d i a l  mass f l u x  could  r e s u l t  i n  

s i g n i f i c a n t  e r r o r s  i n  many s t o r m  computat ions.  

3.2 Tangen t i a l  Winds 

P lan  view ana lyses  of Vt i n  NAT c o o r d i n a t e s  a t  t h e  s u r f a c e ,  560 

and 1600 m are dep ic t ed  i n  Figs .  3.12-3.14. Cyclonic  f low is  observed 

a t  each a n a l y s i s  l e v e l  over  t h e  e n t i r e  s torm domain, and a marked 

nor thwes t  t o  s o u t h e a s t  asymmetry is observed a t  a l l  l e v e l s .  This  is 

c o n s i s t e n t  w i th  t h e  wind asymmetries which Powell (1982) found when 

ana lyz ing  F r e d e r i c ' s  t o t a l  surf ace winds i n s i d e  5 deg. r ad ius .  

T a n g e n t i a l  wind maxima are observed roughly 1 deg. r a d i u s  n o r t h  of t h e  

s to rm c e n t e r  a t  t h e  s u r f a c e ,  560 and 1600 m w i th  t h e  s t r o n g e s t  c y c l o n i c  

winds observed a t  1600 m. (Frank 's  (1984) more d e t a i l e d  a n a l y s i s  of 

t h e  co re  showed t h e  r a d i u s  of maximum of winds t o  be about  35 km a t  

t h e s e  l e v e l s  . ) 
Plan view ana lyses  of t a n g e n t i a l  winds i n  MOT coord ina te s  a t  t h e  

s u r f a c e ,  560 and 1600 m are presented  In Figs.  3.15-3.17. Cyclonic  

f low is v i s i b l e  over  t h e  e n t i r e  s torm domain a t  a l l  l e v e l s  except  a t  

t h e  s u r f a c e  n o r t h  and east of t h e  s torm c e n t e r ,  where weak a n t i c y c l o n i c  

f low is observed. The cyc lonic  c i r c u l a t i o n  is n o t i c e a b l y  s t r o n g e r  west 

of t h e  storm c e n t e r  a t  each a n a l y s i s  l e v e l .  The p r i n c i p a l  cyc lon ic  j e t  

maximum is l o c a t e d  approximately 1 deg. r a d i u s  west of t he  storm c e n t e r  

a t  each a n a l y s i s  l e v e l  and is  s t r o n g e s t  a t  1600 m. A secondary 

c y c l o n i c  j e t  maximum is  observed about  8 deg. r a d i u s  west of t h e  s torm 

c e n t e r  and is  most v i s i b l e  a t  t h e  s u r f a c e .  The secondary j e t  maximum 

is a s s o c i a t e d  wi th  the  c i r c u l a t i o n  around a small low p res su re  system 

i n  t h e  western Gulf of Mexico. 
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Figure 3.12 Plan view of tangential winds (as-1) a t  the surface i n  
NAT coordinates.  
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Figure 3.13 Same as Fig. 3.12, but at 560 m. 
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Figure 3.15 Plan v i e w  of tangential winds (IUS'') at  the surface i n  
XOT coordinates.  
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Figure 3.17 Same aa Fig. 3.15,  but at  1600 a. 
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A two-dimensional cross-section of Vt is presented in Fig. 3.18. 

Cyclonic flow is observed at all radii between 1 and LO deg. with 

cyclonic winds generally increasing with height from the surface to 

1600 m. 

To ascertain the difference between corrected and raw values of Vt 

the tangential wind anomaly (Vtanomaly ) is computed at each grid point 

at 560 and 1600 m using the equation: 

- 
'traw. Tangential Wind Anomaly = Vtcorrected ( 3 . 3 )  

and Vtra, are the grid point tangential wind values where Vtcorrected 

obtained using corrected and raw wind sets respectively. Plan view 

analyses of the tangential wind anomalies at 560 and 1600 m are 

depicted in Figs. 3.19 and 3.20 respectively. For reasons discussed in 

Section 3.1, tangential wind anomalies are not analyzed inside 

1.5 deg. radius. 

The tangential wind anomaly fields at 560 and 1600 m both indicate 

that raw winds sets overestimate the tangential wind (Vtanomaly < 0) 
over a large portion of the storm domain. The largest overestimation 

is found about 8 deg. radius northwest of the storm center where 

'tanomaly 

observed to underestimate Vt at 560 and 1600 m (Vtanomaly > 0 )  at radii 

greater than about 5 deg. radius south and east of the storm center. 

is less than -6 ms-1 at 560 and 1600 m. Raw wind sets are 

northwest of the storm center at 560 m and within a northeast to 
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southwest oriented band west of the storm center at 1600 m. The most 

significant underestimation of Vt by raw wind sets at 560 m is observed 

about 4 deg. radius northwest and 6 deg. radius northeast of the storm 

center where Vt 

underestimation is observed roughly 4 deg. radius northwest of the 

exceeds 2 ms'l. At 1600 m, the greatest anomaly 

storm where V exceeds 2 ms-1. t anomal y 

Axisymmetric 560 and 1600 m tangential winds obtained using raw 

and corrected wind sets are shown in Figs. 3.21 and 3.22 respectively. 

At 1600 m,.axisyonnetric values of Vt obtained by adjusting the 560 m 

raw winds to 1600 m using a "storm mean" shear correction factor are 

also shown. For reasons noted previously, the 1 deg. radius values of 

Vt obtained using corrected and raw wind sets are identical. 

Figures 3.21 and 3.22 indicate that raw wind sets overestimate Vt 

at all radii between 2 and 10 deg. However, it is worth noting that 

L raw wind sets overestimate Vt by an average of only 11% at 1600 m and 

an average of only 6% at 560 rn. The relatively small differences 

observed between corrected and raw wind values of Vt reflect the small 

tangential wind shear found to exist in the storm's lower levels (see 

Section 2.3.2). 

If these results hold true for other storms, assigning all 

l o w - 1 e v e l . W ' ~  to 950 mb may be a reasonable means of obtaining 

axisymmetric low-tropospheric values of Vt needed for estimating 

tropical cyclonc intensity using methods described by Weatherford and 

Gray (1984) and Rodgers and Gentry (1983). 

note that substantial errors i n  the asymmetric tangential wind field 

can occur when all W's are assigned to 560 m as Figs. 3.19 and 3.20 

indicate. 

However, it is important to 
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Figure 3.22 Axisymmetric tangential winds a t  1600 m obtained 
us lng  corrected wind sets (-1, taw wind 
sets(----- ), and by applying a storm man shear 
(-. -. -. ) t o  560 m rav tangent ia l  wind values.  
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3.3 Divergence 

Divergence (DIV) is computed a t  each g r i d  p o i n t  a t  t h e  s u r f a c e ,  

560 and 1600 rn us ing  t h e  equat ion:  

avt 
v avr r Divergence = - + - + - r ar r38 ( 3 . 4 )  

where V r  and Vt are t h e  g r i d  point  r a d i a l  and t a n g e n t i a l  wind va lues  

r e s p e c t i v e l y ,  r is t h e  r a d i a l  d i s t a n c e  from t h e  s t o r m  c e n t e r  and r a 0  is 

t h e  az i thumal  d i s t a n c e  between g r i d  po in t s .  

d i v e r g e n c e  a t  t h e  s u r f a c e ,  560 and 1600 m are d i s p l a y e d  in 

F i g s  . 3.23-3 . 25 . 

P l a n  view a n a l y s e s  of t h e  

Convergence is observed over most of t h e  s to rm domain i n s i d e  about  

2 deg. r ad ius .  A p r i n c i p a l  convergence maximum is observed about  

1 deg. r a d i u s  n o r t h e a s t  of t he  c e n t e r  a t  each  a n a l y s i s  l e v e l  w i th  t h e  

s t r o n g e s t  convergence observed a t  t h e  s u r f a c e .  No organized  a r e a s  of 

convergence are observed ove r  t h e  remainder  of t h e  s to rm domain except  

abou t  7 deg. r a d i u s  n o r t h e a s t  of t h e  s to rm c e n t e r ,  where a w e l l -  

d e f i n e d  band of convergence is observed  a t  a l l  a n a l y s i s  l e v e l s .  It 

appea r s  t h a t  t h i s  band of convergence is a s s o c i a t e d  wi th  a s t a t i o n a r y  

f r o n t  l o c a t e d  o f f  t h e  sou theas t  coast of t h e  United S t a t e s .  

Divergence is observed roughly 1 deg. r a d i u s  nor thwes t  of t h e  

s t o r m  c e n t e r  a t  t h e  s u r f a c e ,  560 and 1600 m and approximate ly  1 deg. 

r a d i u s  s o u t h e a s t  of t h e  storm c e n t e r  a t  560 and 1600 m. Well de f ined  

a l b e i t  small areas of divergence are observed between a r a d i u s  of about  

3 and 6 deg. a t  each  a n a l y s i s  l e v e l  w i t h  t h e  s t r o n g e s t  d ivergence  

c e n t e r e d  roughly 3 deg. r a d i u s  n o r t h  of t h e  s torm c e n t e r .  The 

observance  of a "moat" r eg ion  o u t s i d e  t h e  i n n e r  c o r e  i s  c o n s i s t e n t  w i th  
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Frank ' s  (1977a) t r o p i c a l  cyclone composi te  s tudy  which found t h a t  mean 

d ive rgence  e x i s t e d  below 800 mb between 4 and 6 deg. r ad ius .  No 

wel l -def ined  d ivergence  maxima a r e  observed beyond a r a d i u s  of about  

6 deg. except  about  7 deg. r ad ius  w e s t  of t h e  s torm c e n t e r ,  where a 

f a i r l y  broad area of divergence is observed a t  a l l  l e v e l s .  

A two-dimensional c ros s - sec t ion  of s to rm d ive rgence  is presented  

i n  Fig.  3.26. Convergence is observed i n s i d e  about  3.5 deg. r a d i u s  and 

beyond roughly 5.5 deg. r a d i u s  throughout  t h e  lowest  1600 m. A 

p r i n c i p a l  convergence maximum is observed  nea r  t h e  s u r f a c e  a t  a r a d i u s  

of about  1 deg., wh i l e  a secondary convergence maximum is  observed nea r  

7 deg. r a d i u s  a t  560 m. Divergence is observed between roughly 3.5 and 

5.5 deg. from t h e  s u r f a c e  to  1600 m w i t h  maximum divergence  observed a t  

about  4 deg. r a d i u s  nea r  560 me A s  noted p rev ious ly ,  t h e  l o c a t i o n  of 

t h i s  reg ion  of mean d ivergence  is in good agreement wi th  Frank 's  

(1977a)  s tudy.  Although F i g .  3.26 s u g g e s t s  weak d ivergence  e x i s t s  

beyond a r a d i u s  of about  9.5 deg., t h i s  f e a t u r e  may r e s u l t  from 

inadequa te  wind r e s o l u t i o n  near t h e  edge of t h e  composite g r i d .  

Axisymmetric 560 and 1600 m va lues  of d ive rgence  computed us ing  

c o r r e c t e d  and raw wind sets are  d e p i c t e d  i n  Figs. 3.27 and 3.28 

r e s p e c t i v e l y .  Both f i g u r e s  suggest t h a t  raw wind sets underes t imate  

t h e  mean s torm convergence i n s i d e  about  4 deg. r a d i u s  and t h e  mean 

s t o r m  divergence  between about 4 and 6 deg. 

s u b s t a n t i a l  d i f f e r e n c e s  between raw and c o r r e c t e d  va lues  of d ivergence  

are observed. These r e s u l t s  seem c o n s i s t e n t  w i th  F igs .  3.10 and 3.11 

which show t h a t  t h e  560 and 1600 rn d i f f e r e n c e s  between c o r r e c t e d  and 

raw v a l u e s  of V r  are g e n e r a l l y  l a r g e s t  i n s i d e  6 deg. r a d i u s .  

Beyond 6 deg. r a d i u s  no 
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Figure 3.28 Same as Fig.  3 . 2 7 ,  but a t  1600 m. 
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3 .4  V o r t i c i t y  

R e l a t i v e  v o r t i c i t y  (C) is computed a t  each g r i d  p o i n t  u s i n g  t h e  

equa t ion :  

"t avt avr 
V o r t i c i t y  = - + - - - r ar ra0 (3.5)  

P l a n  view a n a l y s e s  of r; a t  t he  s u r f a c e ,  560 and 1600 m are p resen ted  i n  

Figs .  3.29-3-31. Cyclonic  (C > 0) r e l a t i v e  v o r t i c i t y  is observed 

i n s i d e  roughly 2 deg. r a d i u s  and a l s o  over  a l a r g e  area w e s t  of t h e  

s t o r m  c e n t e r  a t  each a n a l y s i s  l e v e l .  The r eg ion  of c y c l o n i c  re la t ive 

v o r t i c i t y  w e s t  of t h e  s torm cen te r  is a s s o c i a t e d  wi th  t h e  p rev ious ly  

d i s c u s s e d  low pres su re  system l o c a t e d  i n  the  wes tern  Gulf of 3lexico. 

Cyclonic  r e l a t i v e  v o r t i c i t y  is a l s o  observed over  an  a p p r e c i a b l e  a r e a  

a t  r a d i i  > 7 deg. e a s t  of t h e  s torm c e n t e r .  R e l a t i v e l y  weak areas of 

c y c l o n i c  v o r t i c i t y  are s c a t t e r e d  over  t h e  remainder of t h e  s torm 

domain. P r i n c i p a l  v o r t i c i t y  maxima are observed about  1 deg. r a d i u s  

s o u t h  of t h e  s torm c e n t e r  a t  the s u r f a c e  and 560 m and roughly 1 deg. 

r a d i u s  n o r t h  and south  of t h e  s torm c e n t e r  a t  1600 m. 

Ant icyc lon ic  (C < 0) r e l a t i v e  v o r t i c i t y  is observed over  a broad 

area n o r t h  of t h e  s torm c e n t e r  a t  a l l  l e v e l s .  Randomly spaced 

v o r t i c i t y  minima are observed between 2 and 6 deg. a t  each l e v e l  w i th  

t h e  mst pronounced minimum observed about  3 deg. r a d i u s  n o r t h  of t h e  

s t o r m  c e n t e r  a t  each a n a l y s i s  l e v e l .  No wel l -def ined  areas of 

a n t i c y c l o n i c  v o r t i c i t y  a r e  observed beyond 6 deg. rad ius .  

A two-dimensional c ross -sec t ion  of r e l a t i v e  v o r t i c i t y  is presented  

i n  Fig. 3.32. Cyclonic  r e l a t i v e  v o r t i c i t y  is observed between t h e  
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s u r f a c e  and 1600 m a t  a l l  r a d i i  except  between roughly 3 and 3.5 deg. 

A p r i n c i p a l  v o r t i c i t y  maximum i s  observed near  1 deg. r a d i u s ,  whi le  a 

secondary  v o r t i c i t y  maximum is  loca ted  a t  roughly 7 deg. r ad ius .  

A n t i c y c l o n i c  r e l a t i v e  v o r t i c i t y  is observed between roughly 3 and 

3.5 deg. w i t h  a v o r t i c i t y  minimum observed a t  about  3 . 5  deg. r a d i u s  

n e a r  560 m. 

Axisymmetric 560 and 1600 m v a l u e s  of C o b t a i n e d  us ing  raw and 

c o r r e c t e d  wind sets are presented i n  Figs .  3 . 3 3  and 3 . 3 4  r e s p e c t i v e l y .  

Both f i g u r e s  i n d i c a t e  t h a t  t h e  d i f f e r e n c e s  between t h e  axisymmetr ic  

v a l u e s  of c ob ta ined  us ing  c o r r e c t e d  and raw wind sets are r e l a t i v e l y  

s m a l l  a t  a l l  r a d i i .  This is c o n s i s t e n t  w i th  Figs .  3.21 and 3 . 2 2  which 

show t h a t  t h e  d i f f e r e n c e s  between t a n g e n t i a l  wind va lues  ob ta ined  us ing  

c o r r e c t e d  and raw wind sets a re  r e l a t i v e l y  small a t  a l l  r a d i i .  

3.5 Vertical Notion 

The k inemat ic  v e r t i c a l  v e l o c i t y  (w) is computed a t  each g r i d  po in t  

a t  560 and 1600 m assuming incompress ib i l i t y .  P lan  view ana lyses  of w 

a t  560 and 1600 m are presented i n  Figs. 3.35 and 3 . 3 6 ,  r e s p e c t i v e l y .  

A broad area of upward motion is observed i n s i d e  about  2 deg. r a d i u s  a t  

b o t h  560 and 1600 m wi th  v e r t i c a l  motion maxima observed roughly 1 deg. 

and 7 deg. r a d i u s  n o r t h e a s t  of t h e  s torm cen te r .  T h i s  secondary 

v e r t i c a l  motion maximum appears  t o  be a s s o c i a t e d  wi th  t h e  p rev ious ly  

d i s c u s s e d  s t a t i o n a r y  f r o n t  pos i t ioned  o f f  of t h e  s o u t h e a s t  c o a s t  of t h e  

Uni ted  S t a t e s .  S inking  motion is most v i s i b l e  between r a d i i  of 3 and 

6 deg. w i th  t h e  s t r o n g e s t  s ink ing  motion observed approximate ly  4 deg. 

r a d i u s  n o r t h e a s t  of t h e  s torm c e n t e r  a t  1600 m. Although the  
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Figure 3.33 Axisymmetric values of r e l a t i v e  v o r t i c i t y  
(x  s'l) at 560 m obtafned us ing  corrected 
uind sets (- ) and raw wind sets (--- 1. 

W 
L 

Figure 3.34 Same as Fig. 3 . 3 3 ,  but a t  1600 a. 
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560 m. 
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Figure 3.36 Same as Fig. 3.35, but a t  1600 m. 



88 

subs idence  between 3 and 6 deg, is r e l a t i v e l y  weak, i t  appears  c e r t a i n  

t h a t  a wel l -def ined  a r e a  of downward motion e x i s t s  o u t s i d e  t h e  core .  

A two-dimensional v e r t i c a l  motion p r o f i l e  is shown i n  Fig. 3.37. 

Upward motion is observed a t  v i r t u a l l y  a l l  r a d i i .  A p r i n c i p a l  v e r t f c a l  

motion maximum is observed at a r a d i u s  of about  1 deg., whi le  a 

secondary maximum is observed a t  7 deg. r ad ius .  S inking  motion is 

observed between approximately 3.5 and 4.5 deg. and a l s o  beyond 

9.5  deg. r a d i u s .  A v e r t i c a l  motion minimum is observed a t  about  4 deg. 

r ad ius .  

v e r t i c a l  motion dep ic t ed  in Fig. 3.37 agree reasonably  w e l l  wi th  t h e  

r eg ions  of p o s i t i v e  ( n e g a t i v e )  r e l a t i v e  v o r t i c i t y  d e p i c t e d  i n  

Fig. 3.32 s u g g e s t i n g  "Ekman pumping" i n  t h e  boundary l a y e r  (e.g. , 

Charney and E l i a s s e n ,  1 9 6 4 ) .  

It is worth no t ing  that  t h e  r e g i o n s  of upward (downward) 
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Chapter  4 

ANGULAR MOFIENTUM BUDGET 

By ana lyz ing  t h e  angu la r  momentum budget of a t r o p i c a l  cyc lone ,  

r e s e a r c h e r s  such as Holland (1983a),  McBride (1981b) ,  Frank (1977b) and 

o t h e r s  have ob ta ined  cons iderable  informat ion  'concerning t h e  f a c t o r s  

which c o n t r i b u t e  t o  t r o p i c a l  cyclone i n i t i a t i o n ,  i n t e n s i f i c a t i o n  and 

decay. Although t h e s e  au tho r s  were reasonably  s u c c e s s f u l  i n  performing 

an i n t e g r a t e d  a n g u l a r  momentum budget f o r  t h e  e n t i r e  layer between t h e  

s u r f a c e  and 100 mb, i n s u f f i c i e n t  low-level  wind r e s o l u t i o n  l i m i t e d  t h e  

q u a n t i t y  of i n fo rma t ion  t h a t  they could o b t a i n  concerning t h e  a n g u l a r  

momentum budget of a s to rm ' s  l o w e s t  2 km. Consequently,  u n c e r t a i n t i e s  

remain concern ing  t h e  d i s s i p a t i o n  of momentum a t  t h e  sea s u r f a c e  i n  a 

t - r o p i c a l  cyc lone  environment. 

In t h i s  c h a p t e r ,  composite wind d a t a  a t  t he  s u r f a c e ,  560 and 

1600 m are employed t o  analyze t h e  a n g u l a r  momentum budget of 

F r e d e r i c ' s  lowest  1600 m a t  r a d i i  between 3 and 10 deg. Angular 

momentum budgets  are ca l cu la t ed  f o r  t h e  s u r f a c e  t o  560 m l a y e r  and t h e  

560 t o  1600 m l a y e r ,  wi th  t h e  former employed t o  o b t a i n  estimates of 

t h e  f r i c t i o n a l  d i s s i p a t i o n  a t  t he  sea s u r f a c e  and hence t h e  s u r f a c e  

d r a g  c o e f f i c i e n t  (CD). No angular  momentum budget is c a l c u l a t e d  from 

t h e  c e n t e r  t o  2 deg. r a d i u s  because of t h e  l i m i t e d  r e s o l u t i o n  i n  t h a t  

r e g i o n  a f f o r d e d  by t h e  g r i d  used i n  t h i s  s tudy.  The momentum budget of 

t h e  co re  w a s  explored  by Frank (1984). 
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4.1 The Angular Momentumhdget Equat ion 

The a b s o l u t e  angu la r  momentum (M) is def ined  by: 

(4.1) M = V t r  + f r / 2  

where m = V t r  is t h e  r e l a t i v e  angular  momentum and f is t h e  c o r i o l l s  

parameter .  In  t h i s  t h e s i s ,  angular  momentum is computed i n  Lagrangian 

c o o r d i n a t e s  ( r e l a t i v e  t o  t h e  moving s torm)  us ing  t h e  equa t ion :  

ha(pm) + hy put! + hPfrV + (pmw - pmwB) = -Di s s ipa t ion  (4.2) at r T 

where h is t h e  l a y e r  dep th ,  !! is t h e  t o t a l  h o r i z o n t a l  wlnd component, 

WT and WB are t h e  v e r t i c a l  v e l o c i t i e s  a t  t he  t o p  and bottom of t h e  

l a y e r  r e s p e c t i v e l y ,  and P is t h e  l a y e r  mean d e n s i t y .  From l e f t  t o  

r i g h t ,  t h e  terms on t h e  l e f t  s i d e  of Eq. 4.2 a r e  t h e  l o c a l  time r a t e  of 

change of m, t h e  h o r i z o n t a l  and v e r t i c a l  f l u x  d ivergence  of rn and t h e  

c o r i o l i s  torque.  The sum of these terms p l u s  t h e  d i s s i p a t i o n  due t o  

sub-grid scale p rocesses  equals  zero.  

Equat ion  4.2 is eva lua ted  f o r  bo th  t h e  asymmetric and axisymrnetric 

s to rm between t h e  s u r f a c e  and 560 m and f o r  t he  axisymmetr ic  s torm 

between 560 and 1600 m. The methodology employed t o  s o l v e  Eq. 4.2 for 

both  the  asymmetric and axisymmetric s torm is  g iven  below. 

4.2 The Asymmetric Budget 

S ince  F r e d e r i c  is assumed t o  be i n  s t e a d y - s t a t e ,  t h e  l o c a l  time 

rate  of change of m is zero .  The h o r i z o n t a l  f l u x  d ivergence  of m is 
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e v a l u a t e d  a t  each of t he  160 gr id  p o i n t s  a t  t he  s u r f a c e  and 560 m and 

then  averaged v e r t i c a l l y  t o  obta in  a layer-mean va lue  f o r  t he  

h o r i z o n t a l  f l u x  d ivergence  of m a t  every g r i d  poin t .  The v e r t i c a l  f l u x  

d i v e r g e n c e  of m is computed at each g r i d  po in t  f o r  t h e  s u r f a c e  t o  560 rn 

l a y e r  from the  v e r t i c a l  f l u x  a t  560 m, s i n c e  w and hence t h e  v e r t i c a l  

f l u x  is 0 a t  the s u r f a c e .  The i n t e g r a t e d  s u r f a c e  t o  560 m C o r i o l i s  

t o r q u e  is computed a t  each g r i d  po in t  by averaging  t h e  s u r f a c e  and 

560 m values .  It is impor tan t  to  n o t e  t h a t  s i n c e  t h e  s torm l a t i t u d e  

changes con t inuous ly  du r ing  the  composite pe r iod ,  f is computed based 

on t h e  nor th-south  d e v i a t i o n  of t h e  g r i d  po in t  from t h e  mean composi te  

l a t i t u d e  of 27.3'N. 

After t h e  above terms have been eva lua ted  a t  each g r i d  p o i n t ,  they  

are added t o  s o l v e  f o r  t h e  su r face  t o  560 m r e s i d u a l ,  which is assumed 

t o  be due t o  f r i c t i o n a l  d i s s i p a t i o n .  The g r i d  poin t  r e s i d u a l s  are then  

averaged  i n  each 1 deg. r a d i a l  band between 3 and 10 deg. t o  o b t a i n  an 

a z i m u t h a l l y  averaged r e s i d u a l  for t he  s u r f a c e  t o  560 m l a y e r  a t  each 

r a d i u s .  These az imutha l ly  averaged r e s i d u a l s  are then  employed t o  

s o l v e  f o r  CD a t  each r a d i u s  between 3 and 10 deg. u s ing  t h e  equa t ion :  

F r i c t i o n a l  D i s s i p a t i o n  = p C D r V t  I V o l  
0 0 

( 4 . 3 )  

where po is t h e  s u r f a c e  d e n s i t y  and V t  and Vo are t h e  axisymmetric 

t a n g e n t i a l  and t o t a l  s u r f a c e  winds r e s p e c t i v e l y .  
0 

The s u r f a c e  d rag  c o e f f i c i e n t  is a l s o  c a l c u l a t e d  a t  each g r i d  po in t  

u s i n g  t h e  g r i d  po in t  r e s i d u a l  and wind values .  The r e s u l t a n t  g r i d  

p o i n t  va lues  of CD are then averaged a t  each r ad ius  t o  o b t a i n  
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a z i m u t h a l l y  averaged va lues  of CD a t  each r ad ius  between 3 and 10 deg. 

I n s p e c t i o n  of t h e  az imutha l ly  averaged va lues  of CD ob ta ined  i n  t h i s  

l a t t e r  manner i n d i c a t e s  t h a t  averaging g r i d  poin t  va lues  of CD y i e l d s  

u n r e a l i s t i c a l l y  l a r g e  va lues  of CD a t  l a r g e  r a d i i .  Examination of t h e  

i n d i v i d u a l  g r i d  po in t  va lues  of CD s u g g e s t s  t h a t  anomalous g r i d  p o i n t  

s u r f a c e  d rag  c o e f f i c i e n t s  a r e  due t o  s e n s i t i v i t y  t o  the  g r i d  po in t  

s u r f a c e  wind va lues .  S ince  CD is i n v e r s e l y  p r o p o r t i o n a l  t o  the  squa re  

of t h e  s u r f a c e  wind speed,  e s p e c i a l l y  low (h igh )  wind speeds can r e s u l t  

in anomalously h igh  (low) values  of CD. Although one might expect  t h a t  

the n o i s e  in the g r i d  po in t  values  of CD would be smoothed out  when an  

a z i m u t h a l l y  averaged va lue  of CD is ob ta ined ,  t he  r e s u l t s  of t h i s  s t u d y  . 

i n d i c a t e  t h a t  i f  t h e  g r i d  point  r e s i d u a l  and s u r f a c e  wind va lue  are 

c o r r e l a t e d ,  a b i a s  i n  t h e  magnitude of t h e  az imutha l ly  averaged CD can 

r e s u l t .  For t h i s  s torm,  l a r g e  nega t ive  r e s i d u a l s  are observed t o  

c o i n c i d e  wi th  low wind speeds  a t  l a r g e  (> 5 deg.) r a d i i  e a s t  of t h e  

s to rm c e n t e r  r e s u l t i n g  i n  anomalously l a r g e  g r i d  po in t  and az imutha l ly  

averaged va lues  of CD a t  r a d i i  g r e a t e r  than  5 deg. The re fo re ,  t h e  d rag  

c o e f f i c i e n t s  computed by t h i s  method are cons idered  u n r e l i a b l e  and are 

no t  d i scussed  f u r t h e r .  

4.3 The Axisymmetric Budget 

The l o c a l  t i m e  rate of change of m is zero  s i n c e  F r e d e r i c  is 

assumed t o  be i n  s t e a d y  s t a t e .  The h o r i z o n t a l  f l u x  d ivergence  of m is 

computed a t  each r a d i u s  a t  the  t o p  and bottom of t h e  layer us ing  t h e  

a p p r o p r i a t e  axisymmetric wind and d e n s i t y  values .  These va lues  are 

then  averaged t o  o b t a i n  the  layer-mean h o r i z o n t a l  f l u x  d ivergence  a t  

each  rad ius .  The v e r t i c a l  f l ux  d ivergence  is obta ined  a t  each r a d i u s  
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by s u b t r a c t i n g  the  v e r t i c a l  f lux  a t  t h e  bottom of the  l a y e r  from t h e  

v e r t i c a l  f l u x  a t  t h e  t o p  of t h e  l a y e r  u s ing  t h e  a p p r o p r i a t e  

axisymmetr ic  va lues .  The c o r i o l i s  t o rque  i s  not  assumed t o  i n t e g r a t e  

t o  0 f o r  t h e  axisymmetric storm and i n s t e a d  is eva lua ted  a t  each r a d i u s  

u s i n g  t h e  same procedure employed f o r  t h e  asymmetric storm. Many 

p rev ious  s t u d i e s  (Palmen and Riehl ,  1957; P f e f f e r ,  1958 and Hawkins and 

Rubsam, 1968) found t h a t  t h e  c o r i o l i s  t o rque  i n t e g r a t e s  t o  0 over  t h e  

t o t a l  volume f o r  a s t eady- s t a t e  s torm s i n c e  t h e  n e t  r a d i a l  mass f l u x  is 

0. However, as noted by Frank (1977a) and Anthes (19741, whi le  t h i s  is' 

a good approximat ion  a t  small r a d i i  where f is r e l a t i v e l y  c o n s t a n t ,  a 

p r e v a i l i n g  n o r t h e r l y  ( sou the r ly )  f low can resu l t  in a n e t  spin-up 

(spin-down) of a s torm a t  l a rge  r a d i i .  

The above terms are summed a t  each r a d i u s  between 3 and 10 deg. t o  

o b t a i n  mean r e s i d u a l s  for both t h e  s u r f a c e  t o  560 and 560 t o  1600 m 

l a y e r s .  For t h e  s u r f a c e  t o  560 m l a y e r ,  t h e  r e s i d u a l s  are used t o  

compute CD a t  r a d i i  between 3 and 10 deg. u s ing  Eq. 4.3. 

4.4 Momentum Budget R e s u l t s  

The r e s u l t s  of t h e  su r face  t o  560 m angu la r  momentum budget f o r  

bo th  t h e  asymmetric and axisymmetric s torm a r e  dep ic t ed  i n  Table  4.1, 

w h i l e  t h e  r e s u l t s  of t h e  560 t o  1600 m budget are presented  i n  

Table  4.2. The s u r f a c e  d rag  c o e f f i c i e n t s  computed f o r  each of t h e  

aforementioned a n a l y s e s  are presented in Table 4.3. 

Table  4.1 i n d i c a t e s  t h a t  a n e t  convergence of m ( n e g a t i v e  

r e s i d u a l )  is observed f o r  the  s u r f a c e  t o  560 m l a y e r  a t  a l l  r a d i i  

between 3 and 10 deg. f o r  both t h e  asymmetric and axisymmetric s torm,  

wi th  t h e  n e t  convergence b e i n g  an average  of about 13% l a r g e r  f o r  t h e  
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Table 4.1 Surface-560 m angular momentum budgets for the asynmetric 
and axisymmetric storms. Time rate of change of m per unit 
area (x  lo3 kg s-2). 

Radius (Degrees Latitude) 

3 4 5 6 7 8 9 10 

Asymmetric Storm 

ha (Pm) 0 0 0 0 0 0 0 0 at 

1 4 10 - 2 - 5  - 2  hV - pmy - 7  8 

16 -10 -10 2 11 10 4 0 T pm w 

-73 -66 -53 -55 -73 - 92 -106 -109 hP rf Vr 

Residual -64 -68 -53 -55 -67 - 84 -101 -105 

Axisymmetric Storm 

0 0 0 0 0 0 0 0 

hz pmy -21 7 - 1  -1 5 -21 - 22 - 16 - 15 
ha (pm) 
at 

Pm wT 16 -13 - 8 8 16 14 8 4 

hprfVr -73 -66 -53 -55 -73 - 92 -106 -109 

Residual -78 -72 -62 -62 -7 8 -100 -114 -120 



T a b l e  4.2 560-1600 m a n g u l a r  momentum "udget €or t h e  axisymmetr 
storm. Time ra te  of change of m per u n i t  a r e a  
( x  103 kg s-2). 

Radius (Degrees L a t i t u d e )  

3 4 5 6 7 8 9 10 

ha ( pm) 
a t  0 0 0 0 0 0 0 0 

hV - pmy -2 2 3 - 9 -28 - 37 - 38 - 28 - 1 7  

(Pm wT - pm %) 31 - 8 2 20 28 23 9 2 

h p r f  Vr -75 -70 -62 -72 -101 -131 -152 -146 

96 

.c 

R e s i d u a l  -66 -75 -69 -80 -110 -146 -171 -161 
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Table 4 . 3  Surface drag coefficient estimates derived from the 
surface-560 m angular momentum budgets of the asymmetric 
and axlsymmetric storms (CD x 10-3). 

Radius (Degrees Latitude) Axlsymmetric Storm Asymmetric Storm 

3 1.5 1.5 

4 1.9 2.0 

5 

6 

7 

8 

9 

10 

1.9 1.7 

1.9 1.7 

2.1 

2 . 3  

2 . 4  

2 . 6  

1 .6  

1.9 

2 . 1  

2.1 
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a x i s y m e t r i c  storm. I t  is worth n o t i n g  t h a t  t h e  convergence of m 

i n c r e a s e s  wi th  i n c r e a s i n g  r a d i u s  f o r  both t h e  asymmetric and 

axisymmetr ic  storm. Table  4.1 i n d i c a t e s  t h a t  t h i s  is due p r i m a r i l y  t o  

t h e  convergence of m by the  C o r i o l i s  t o rque ,  s i n c e  t h e  h o r i z o n t a l  

convergence (d ive rgence )  of m is n e a r l y  balanced by the  upward 

(downward) t r a n s p o r t  of m a t  a l l  r a d i i .  

I n s p e c t i o n  of each of t he  terms in Table  4.1 i n d i c a t e s  they  are 

g e n e r a l l y  c o n s i s t e n t  w i th  t h e  composite wind f i e l d s  d i scussed  i n  

Chapter  3 and t h e  r e s u l t s  of Frank 's  (1977b) angu la r  momentum budget.  

H o r i z o n t a l  convergence of m is observed a t  v i r t u a l l y  a l l  r a d i i  f o r  bo th  

t h e  asymmetric and axisymmetric s torm.  The excep t ions  are a t  4 and 

5 deg. r a d i u s  f o r  t h e  asymmetric s torm and a t  4 deg. r a d i u s  f o r  t h e  

axisymmetr ic  s torm where h o r i z o n t a l  d ivergence  of m is observed. This  

is c o n s i s t e n t  w i th  t h e  mean storm divergence  v i s i b l e  i n  Fig. 3.26. It 

is a l s o  i n  good agreement w i t h  t h e  Frank ' s  composi te  m budget which 

showed h o r i z o n t a l  d ivergence  of m f o r  t he  s u r f a c e  t o  900 mb layer  a t  

r a d i i  between 4 and 6 deg. 

Upward t r a n s p o r t  of m is observed a t  a l l  r a d i i  f o r  t he  

axisymmetr ic  and asymmetric storm excep t  a t  4 and 5 deg. r a d i u s  where 

downward t r a n s p o r t  of m is observed. Th i s  is c o n s i s t e n t  wi th  

Fig.  3.37, which i n d i c a t e s  t ha t  mean subs idence  e x i s t s  a t  t hese  r a d i i .  

The Coriolis t o rque  is i d e n t i c a l  f o r  t h e  asymmetric and 

axisymmetr ic  s torm s i n c e  t h e  same technique  is employed t o  e v a l u a t e  

t h e  C o r i o l i s  t o rque  term for both s torms  as noted previous ly .  

Table  4.1 i n d i c a t e s  t h a t  t he  convergence of m by the  C o r i o l i s  t o rque  

i n c r e a s e s  with i n c r e a s i n g  r ad ius ,  except  from 4 t o  5 deg. r a d i u s  
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where a d e c r e a s e  i n  C o r i o l i s  torque i s  observed. While t h e  p a t t e r n  of 

i n c r e a s e d  convergence by t h e  C o r i o l i s  t o rque  wi th  r a d i u s  is i n  

agreement wi th  Frank ' s  (1977b) s t u d y ,  t h e  magnitude of t he  i n c r e a s e  a t  

r a d i i  > 6 deg. is s u b s t a n t i a l l y  larger than  t h a t  which Frank observed.  

The s t r o n g  r a d i a l  i n f l o w  c h a r a c t e r i s t i c  of t h i s  s torm a t  r a d i i  > 6 deg. 

is  r e s p o n s i b l e  f o r  t h e  s i g n i f i c a n t  i n c r e a s e  i n  m by t h e  C o r i o l i s  t o rque  

beyond 6 deg. r ad ius .  

The s u r f a c e  d r a g  c o e f f i c i e n t s  ob ta ined  f o r  t h e  asymmetric and 

axisyuunetr ic  s torm (Table  4.3) are i n  f a i r l y  good agreement ,  a l t hough  

CD v a l u e s  f o r  t h e  asymmetrtc s torm ave rage  about  11% l a r g e r .  For t h e  

most p a r t ,  CD is observed  t o  i n c r e a s e  w i t h  i n c r e a s i n g  r a d i u s  f o r  bo th  

t h e  asymmetric and axisymmetr ic  storms. Although t h e  observed i n c r e a s e  

is  small and could be a t t r i b u t e d  t o  e r r o r s  i n  s u r f a c e  wind speed ,  t h e r e  

i s  no ev idence  t h a t  CD dec reases  w i t h  r a d i u s  o r  wind speed i n  a 

t r o p i c a l  cyc lone  envi ronment ,  as is c u r r e n t l y  be l ieved .  However, no 

prev ious  s t u d y  has  employed observed s u r f a c e  winds t o  d e r i v e  CD o u t s i d e  

about  2 deg. r a d i u s  i n  a mature t r o p i c a l  cyc lone  environment.  

Consequent ly ,  wh i l e  t h e  e s t i m a t e s  of CD presen ted  h e r e  are by no means 

p e r f e c t ,  t hey  should  n o t  be discounted.  F u r t h e r  r e s e a r c h  is needed t o  

e i t h e r  conf i rm or r e f u t e  these  r e s u l t s .  

' 

Table  4.2 i n d i c a t e s  that  a n e t  convergence of m is observed 

between 3 and 10 deg. f o r  t h e  560 t o  1600 m l aye r .  The magnitude of  

. t h e  r e s i d u a l  a t  each r a d i u s  is roughly  equa l  t o  those  found f o r  t h e  

s u r f a c e  t o  560 m l a y e r  (Tab le  4.1). It is not  c lear  why t h e  560 t o  

1600 m r e s i d u a l  is so l a r g e .  Frank (1984) showed t h a t  t h e  convergence 

of q between 560 m and t h e  top of  t h e  in f low l a y e r  ( roughly  1600 m) 
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i n  F r e d e r i c ' s  c o r e  was t o o  l a r g e  t o  be e x p l a i n e d  by t h e  observed 

downward t u r b u l e n t  f l u x  of momentum th rough  t h e  560 m s u r f a c e .  

N e v e r t h e l e s s ,  i t  is p o s s i b l e  tha t  t h e  downward momentum f l u x  through 

t h e  560 m s u r f a c e  is of s u f f i c i e n t  magnitude t o  account  f o r  t h e  

observed 560 t o  1600 m r e s i d u a l  but  is on a scale which is  too large t o  

be r e so lved  by a i rc raf t  and too small t o  be r e so lved  u s i n g  t h e  

composite g r i d  employed he re .  
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Chapter 5 

MOISTURE BUDGET 

The moist unstable environment in which tropical cyclones are 

commonly observed is highly conducive to the production of copious 

rainfall. Passage of a tropical cyclone of even modest intensity 

produces rainfall averaging about 10 cm, and substantially higher 

amounts are common. Hawkins and Imbembo (1976) estimated that the 

average rainfall near the center of a particularly small but intense 

hurricane (Inez) was approximately 4.8 cm h-1. 

rainfall is unusual, Inez serves as an example of the abundant rainfall 

which a single tropical cyclone can produce. 

Although such intense 

In th is  chapter, moisture budgets are performed using both 

corrected and raw wind data. For both budgets, thermodynamic data for 

the composite typhoon (Frank, 1977a) are employed to obtain estimates 

of temperature (T) and specific humidity ( 9 )  needed for moisture budget 

computations. As noted in Chapter 3, the absence of sufficiently dense 

thermodynamic measurements for this storm necessitates the use of 

Frank's (1977a) composite thermodynamic data. Although the use of 

composite thermodynamic data somewhat reduces the accuracy of the 

uoisture budgets presented in this chapter, these quantities are 

generally less variable than are the winds in a tropical cyclone 

environment. Thus, it is believed that the primary objective of 

assessing the differences between precipitation values obtained using 

corrected and raw wind sets is satisfied. 
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5.1 The Moisture  Budget Equat ion 

Assuming t h e  h o r i z o n t a l  t r a n s p o r t  of l i q u i d  water  and v e r t i c a l  

f l u x  of s p e c i f i c  humidi ty  a t  t h e  t o p  of t h e  in f low l a y e r  are 

n e g l i g i b l e ,  t h e  moi s tu re  budget eva lua ted  f o r  a c y l i n d r i c a l  volume 

between the  s u r f a c e  and t h e  top of t h e  in f low l a y e r  is g iven  by: 

where q is t h e  s p e c i f i c  humidity,  Eo is t h e  e v a p o r a t i o n  from t h e  sea 

s u r f a c e  and P is t h e  p r e c i p i t a t i o n .  S to rage  and h o r i z o n t a l  f l u x e s  of 

l i q u i d  water are neg lec t ed ,  a reasonable  assumption f o r  t h e  l a r g e - s c a l e  

domain of t h i s  s tudy .  

. Equation 5.1 is  eva lua ted  s e p a r a t e l y  u s i n g  both c o r r e c t e d  and raw 

wind sets. Each of t h e  terms on t h e  l e f t  s i d e  of Eq. 5.1 is eva lua ted  

f o r  each of t e n ,  1 deg. r a d i a l  bands between t h e  s torm c e n t e r  and 

10 deg. r a d i u s  t o  o b t a i n  p r e c i p i t a t i o n  as a r e s i d u a l .  S ince  F r e d e r i c  

is assumed t o  be i n  s t e a d y - s t a t e ,  t h e  l o c a l  t i m e  rate of change of 

moi s tu re  ( t h e  f i r s t  term on the l e f t  s i d e  of Eq. 5.1) is zero.  The 

second term on t h e  l e f t  s i d e  of Eq. 5.1 is t h e  h o r i z o n t a l  mois ture  

convergence i n t o  a volume. This term is computed by o b t a i n i n g  t h e  

l a y e r  mean t r a n s p o r t  of moisture (PqVr) between t h e  s u r f a c e  and t h e  t o p  

of t h e  inf low l a y e r  a t  r a d i i  between 1 and 10 deg. The t h i r d  term on 

t h e  l e f t  s i d e  of Eq. 5.1 i s  the  sea-sur face  evapora t ion .  This  term is 

e v a l u a t e d  a t  each r a d i u s  between 1 and 10 deg. and t h e . r e s u l t a n t  
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values are then employed to obtain area weighted values of Eo. The 

sea-surface evaporation is evaluated using the bulk aerodynamic 

formula : 

where CE is the evaporation coefficient, Vo is the total wind speed at 

the surface, qs is the saturation specific humidity of the sea surface 

and qo is the specific humidity of the air at the surface. 

The evaporation coefficient is computed based on Rosenthal's 

(1971) formulation: 

where Vo is the surface wind speed in meters per second. Estimates of 

(qs - qo) are obtained from Frank (1977a). 

quantity (qs - qo) from analysis of climatological sea-surface 

temperature data (Robinson and Bauer, 1971) and composite surface 

temperature data. Although the estimates of Eo obtained using Eq. 5.2 

are by no means perfect, they agree well with the values Frank (1977a) 

obtained as residuals in his water budget analysis and are adequate 

for the comparisons described below. 

Frank estimated the 

5.2 Moisture Budget Results 

Rainfall estimates obtained using corrected and raw wind sets are 

depicted in Fig. 5.1. No difference is observed in the 0-1 deg. 

rainfall because the wind sets are identical at 1 deg. radius. 

Figure 5.1 indicates that the raw wind sets substantially underestimate 
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Figure 5 . 1  Ra infa l l  est imates  ( c d d a y )  obtained using raw wind 
sets and corrected vind sets. The 0-1 deg. radius 
r a i n f a l l  values obtained using raw and corrected 
wind sets are equal for reasons discussed i n  the 
t e x t  . 
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t h e  r a i n f a l l  between 1 and 3 deg. The g r e a t e s t  unde res t ima t ion  of 

r a i n f a l l  is observed between 2 and 3 deg., where r a i n f a l l  ob ta ined  

. us ing  c o r r e c t e d  wind s e t s  is roughly t h r e e  times t h e  r a i n f a l l  ob ta ined  

u s i n g  raw wind sets. Ou t s ide  3 deg. r a d i u s ,  no s y s t e m a t i c  or 

a p p r e c i a b l e  d i f f e r e n c e s  between r a i n f a l l  estimates ob ta ined  us ing  raw 

and c o r r e c t e d  wind sets are observed. 

The d i f f e r e n c e s  i n  r a i n f a l l  between 1 and 3 deg. are e s p e c i a l l y  

s i g n i f i c a n t  c o n s i d e r i n g  t h a t  composite s t u d i e s  of observed t r o p i c a l  

cyc lone  ra infa l l  performed by Miller (1958a) ,  Gray, Frank and George 

(1975)  and Frank (1977a) i n d i c a t e  t h a t  most t r o p i c a l  cyc lone  r a i n f a l l  

f a l l s  i n s i d e  about  4 deg. radius .  Tab le  5.1 I l l u s t r a t e s  t h e  

area-averaged r a i n f a l l  from 0-3 and 1-4 deg. r a d i u s  computed us ing  bo th  

raw and c o r r e c t e d  wind sets. The t a b l e  s u g g e s t s  t h a t  raw wind sets 

unde res t ima te  t h e  0-3 deg. area-averaged r a i n f a l l  by g r e a t e r  than 50% 

and t h e  1-4 deg. area-averaged r a i n f a l l  by almost  100%. Since  t h e  

e s t i m a t e d  r a i n f a l l  from 0-1 deg. r a d i u s  is i d e n t i c a l  f o r  bo th  c o r r e c t e d  

and raw wind sets,  t h e  d i f f e r e n c e  in area-averaged r a i n f a l l  between 1 

and 4 deg. i s  thought  to  be a more r e v e a l i n g  measure of t h e  r a i n f a l l  

d i f f e r e n c e s  between raw and c o r r e c t e d  wind sets f o r  t h i s  storm. 

Although i t  would be presumptuous t o  claim t h a t  r a i n f a l l  d i f f e r e n c e s  of 

comparable magnitude are found i n  a l l  s torms ,  i t  seems clear  t h a t  

s u b s t a n t i a l  e r r o r s  i n  estimated r a i n f a l l  can occur  when s p a t i a l  CMWH 

v a r i a t i o n s  are not  accounted for .  

Tab le  5.2 i n d i c a t e s  t h a t  r a i n f a l l  estimates ob ta ined  us ing  

c o r r e c t e d  wind sets are i n  reasonably  good agreement wi th  prev ious  

estimates of t r o p i c a l  cyclone r a i n f a l l  ob ta ined  by Miller (1958a) and 
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Table  5.1 Area-averaged storm r a i n f a l l  (cm/day) ob ta ined  us ing  
c o r r e c t e d  wind sets  and r a w  wind sets. 

Radius (Degrees L a t i t u d e )  0-3 1-4 

Correc ted  Wind S e t s  9.1 3.9 

Raw Wind S e t s  5.9 2.0 

Table  5.2 Observed r a i n f a l l  data for t h e  mean t r o p i c a l  cyclone based 
on s t u d i e s  by Mil l e r  (1958a) and an  unpubl i shed  r e p o r t  by 
Gray, Frank and George (1975) and r a i n f a l l  estimates for 
Hurr icane  F r e d e r i c  o b t a i n e d  u s i n g  c o r r e c t e d  wind sets 
(cudday 1 

Radia l  Band 
(Degrees L a t i t u d e )  0-2 2-4 4-6 6-8 8-10 

Mean T r o p i c a l  
Cyclone 9.0 2.3 0.7 0.7 0.7 

Hurr icane  F r e d e r i c  14.0 2.1 0.5 1.9 0.8 
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Gray, Frank and George (1975). It is encouraging that the rainfall 

estimates obtained using corrected wind sets are consistent with the 

composite wind fields presented in Chapter 3. Comparison of the 

storm's azimuthally-averaged vertical motion field (Fig. 3.37) and the 

estimated rainfall obtained using corrected wind sets (Fig. 5.1) show 

there to be good agreement between the locations of precipitation 

maxima (minima) and vertical notion maxima (minima). This is 

reasonable since the convergence of q is the dominant term in the 

moisture budget equation. 

precipitation minimum is observed between roughly 3 and 6 deg., since 

mean divergence is observed from the surface and 1600 m at roughly the 

same radii (Fig. 3.26). 

It is especially comforting that a 
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Chapter  6 

CONCLUSIONS 

A i r c r a f t ,  rawinsonde, s a t e l l i t e ,  s h i p  and buoy d a t a  c o l l e c t e d  over  

a 40 hr  per iod  were combined with F rank ' s  (1984) a n a l y s i s  of F r e d e r i c ' s  

c o r e  and Powel l ' s  (1982) s u r f a c e  wind a n a l y s i s  i n s i d e  roughly 5 deg. 

r a d i u s  t o  o b t a i n  a good low-level wind a n a l y s i s  between F r e d e r i c ' s  

c e n t e r  and 10 deg. r ad ius .  The a v a i l a b i l i t y  of good low-level wind 

coverage  made it p o s s i b l e  to  perform a d e t a i l e d  mul t ip l e - sca l e  a n a l y s i s  

of F r e d e r i c ' s  low-level wind s t r k t u r e  and t o  perform budgets of 

momentum and mois ture .  The q u a l i t y  of t h e  low-level  wind a n a l y s i s  was 

improved cons ide rab ly  by determining t h e  most a p p r o p r i a t e  l e v e l s  t o  

which low-level c loud motion winds (QIW's) should  be ass igned .  In  t h e  

p a s t ,  r e s e a r c h e r s  assumed t h a t  a l l  low-level  C?llJ's t racked  i n  a 

t r o p i c a l  cyclone environment approximated t h e  wind a t  a l e v e l  near  

c loud  base ( u s u a l l y  900-9SO mb). However, t h e  r e s u l t s  of t h i s  s tudy  

sugges t  t h a t  low-level CMW's do not  approximate t h e  wind a t  cloud base 

or any o t h e r  s i n g l e  l e v e l .  Analysis  of F r e d e r i c ' s  low-level cloud 

motion wind h e i g h t s  (CMWH's) i n d i c a t e d  t h a t  t h e  h e i g h t s  va r i ed  

s y s t e m a t i c a l l y  over  F r e d e r i c ' s  domain, w i th  CMWH's g e n e r a l l y  dec reas ing  

w i t h  i n c r e a s i n g  r ad ius .  A OiWH maximum i n  excess of 4000 m was 

observed roughly 3 deg. r a d i u s  east  of t h e  s torm c e n t e r  while  a CMWH 

minimum (< 500 m) w a s  observed beyond about  5 deg. r a d i u s  s o u t h e a s t  of 

t h e  storm c e n t e r .  

A concer ted  e f f o r t  was made t o  de te rmine  t h e  impact of a s s i g n i n g  

a l l  low-level W ' s  t o  a s i n g l e  a n a l y s i s  l e v e l  of 560 m (raw winds) 
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rather than to their correct levels. Comparison of the axisymmetric 

radial wind fields obtained using raw and corrected wind sets showed 

that raw wind sets underestimated the radial inflow at all radii at 560 

and 1600 m for the axisymmetric storm, with the greatest under- 

estimation observed inside about 5 deg. radius. Moreover, it has been 

shown that these errors result in substantial underestimation of the 

radial mass flux through the storm by raw wind sets. 

storm's asymmetric radial wind field showed that employing raw wind 

sets also resulted in appreciable errors in the radial inflow ana 

outflow patterns at the 560 and 1600 m analysis levels. 

Analysis of the 

Comparison of axisymmetric tangential winds obtained using raw and 

corrected wind sets showed that raw wind sets overestimated the 

tangential wind at virtually all radii at 560 and 1600 m. However, the 

overestimates were only about 6% at 560 and 15% at 1600 m because of 

the small low-level tangential wind shear in this storm. Despite the 

small errors in the axisymmetric tangential wind values, employing raw 

wind sets resulted in significant errors in the asymmetric tangential 

wind field at 560 and 1600 m, 

The errors in the radial and tangential winds which resulted from 

the use of raw wind sets caused errors in the axisymmetric values of 

divergence and relative vorticity. The errors in relative vorticity 

were observed to be fairly small at all radii due to the small errors 

in the tangential wind. Errors in divergence were found to be largest 

inside roughly 6 deg. radius, which is consistent with the large errors 

in radial wind found inside roughly 5 deg. radius. 
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Analys is  of F r e d e r i c ' s  low-level wind s t r u c t u r e  showed marked 

asymmetries i n  t h e  wind f i e l d s  a t  a l l  a n a l y s i s  l e v e l s .  R e l a t i v e  t o  

t h e  moving s torm,  s t r o n g  radial inf low was observed n o r t h e a s t  of t h e  

s to rm a t  a l l  r a d i i ,  and t h e  s t r o n g e s t  ou t f low w a s  observed i n s i d e  

roughly 3 deg. r a d i u s  southwest of t he  s torm c e n t e r .  Consequent ly ,  a 

s t r o n g  n o r t h e a s t  t o  southwest  flow of a i r  through t h e  s torm w a s  

observed.  T a n g e n t i a l  winds exh ib i t ed  a pronounced nor thwes t  t o  

s o u t h e a s t  asymmetry i n  the  cyc lon ic  wind f i e l d s  a t  a l l  l e v e l s ,  w i th  t h e  

s t r o n g e s t  winds observed northwest of t h e  storm. The l a t t e r  f e a t u r e  is 

i n  good agreement wi th  Powell 's  (1982) a n a l y s i s  of F r e d e r i c ' s  s u r f a c e  

winds i n s i d e  5 deg. rad ius .  

F r e d e r i c ' s  d ivergence  f i e l d s  were g e n e r a l l y  c o n s i s t e n t  between 

l e v e l s .  Convergence was observed over  t h e  v a s t  m a j o r i t y  of t h e  s torm 

domain i n s i d e  2 deg. r a d i u s ,  with t h e  s t r o n g e s t  convergence observed 

n o r t h e a s t  of t he  s torm cen te r .  Weak d ivergence  covered much of t h e  

area between about  3 and 6 deg. r a d i u s ,  which is c o n s i s t e n t  w i th  

F rank ' s  (1977a) s tudy.  Outside 6 deg. r a d i u s  d ive rgence  w a s  weak, 

excep t  about  7 deg. r a d i u s  no r theas t  of t h e  s torm c e n t e r ,  where a 

pronounced area of convergence was observed. F r e d e r i c ' s  v e r t i c a l  

motion f i e l d s  a t  560 and 1600 m showed upward motion i n s i d e  2 deg. 

r a d i u s ,  w i t h  t h e  s t r o n g e s t  upward motion observed n o r t h e a s t  of t h e  

s t o r m  c e n t e r .  S inking  motion was observed over  much of t h e  s torm 

domain between 3 and 6 deg. radius .  Vertical motion was weak o u t s i d e  

6 deg. r a d i u s ,  except  roughly 7 deg. r a d i u s  n o r t h e a s t  of t h e  s torm 

c e n t e r ,  where a wel l -def ined region of upward motion was observed. 

Ana lys i s  of F r e d e r i c ' s  v o r t i c i t y  f i e l d s  i n d i c a t e d  p o s i t i v e  r e l a t i v e  
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v o r t i c i t y  e x i s t e d  i n s i d e  about 3 deg. r a d i u s .  Between 3 and 6 deg. 

r a d i u s  areas of n e g a t i v e  r e l a t i v e  v o r t i c i t y  were i n t e r s p e r s e d  among 

areas of weakly p o s i t i v e  r e l a t i v e  v o r t i c i t y .  A well-def ined r eg ion  of 

p o s i t i v e  r e l a t i v e  v o r t i c i t y  a s s o c i a t e d  w i t h  a small low p r e s s u r e  system 

i n  the Western Gulf of Mexico was observed 7 deg. r a d i u s  west of t h e  

storm c e n t e r ;  o t h e r w i s e  no s t r o n g  v o r t i c i t y  f e a t u r e s  were observed 

o u t s i d e  6 deg. r a d i u s .  

Ana lys i s  of F r e d e r i c ' s  s u r f a c e  t o  560 m a n g u l a r  momentum budget 

showed t h a t  n e t  convergence of a n g u l a r  momentum was observed a t  a l l  

r a d i i  between 3 and 10 deg. The h o r i z o n t a l  convergence of a n g u l a r  

momentum was n e a r l y  balanced by t h e  v e r t i c a l  t r a n s p o r t  of a n g u l a r  

momentum, so t h e  n e t  convergence of a n g u l a r  momentum was n e a r l y  e q u a l  t o  

t h e  C o r i o l i s  torque. Est imates  of t h e  s u r f a c e  d rag  c o e f f i c i e n t  (C,) 

showed t h a t  CD g e n e r a l l y  inc reased  w i t h  i n c r e a s i n g  r a d i u s  and d e c r e a s i n g  

wind speed. While t h i s  c o n t r a d i c t s  p rev ious  estimates of CD, i t  i s  

i m p o r t a n t  t o  n o t e  t h a t  p a s t  estimates of CD o u t s i d e  t h e  c o r e  have been 

r a t h e r  crude s i n c e  t h e y  were ob ta ined  u s i n g  e s t i m a t e d  s u r f a c e  winds and 

compos i t e  d a t a  sets. In this s t u d y ,  a d e t a i l e d  s u r f a c e  wind a n a l y s i s  

and a dense d a t a  set from a s i n g l e  s to rm were used to  compute CD i n  t h e  

r e g i o n  o u t s i d e  of t h e  co re  of a mature t r o p i c a l  cyclone. Thus, t h e  

estimates of CD o b t a i n e d  h e r e  are  expected t o  r e p r e s e n t  a n  improvement 

o v e r  p a s t  estimates. 

By performing a moi s tu re  budget between t h e  s u r f a c e  and t h e  top  of 

t h e  i n f l o w  l a y e r ,  estimates of s to rm r a i n f a l l  were ob ta ined .  These were 

i n  good agreement wi th  p a s t  e s t i m a t e s  of observed t r o p i c a l  cyclone 

r a i n f a l l  ( H i l l e r ,  1958a; Gray,  Frank and George, 1975). The r a i n f a l l  
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ra tes  ob ta ined  h e r e  showed tha t  most r a i n f a l l  f e l l  i n s i d e  4 deg. 

r a d i u s ,  which is c o n s i s t e n t  with t h e  s t u d i e s  c i t e d  p rev ious ly .  A c l e a r  

minimum i n  r a i n f a l l  was observed between 3 and 6 deg. r a d i u s ,  which is 

t h e  r e g i o n  of mean d ivergence  observed e a r l i e r .  Moreover, i t  w a s  found 

t h a t  c o r r e c t e d  wind sets  s u b s t a n t i a l l y  underes t imated  s to rm r a i n f a l l  

i n s i d e  roughly  4 deg. r ad ius .  This i n d i c a t e s  t h a t  accoun t ing  f o r  

low-level  CMUH v a r i a t i o n s  is  impor tan t  when e s t i m a t i n g  s t o r m  r a i n f a l l  

f rom d ive rgence  estimates based on c loud  motion winds. 

By a n a l y z i n g  F r e d e r i c ' s  wind f i e l d s  between t h e  s u r f a c e  and 

1600 m, a g r e a t  d e a l  of in format ion  has  been o b t a i n e d  concern ing  

t h e  m u l t i p l e - s c a l e  low-level wind s t r u c t u r e  of a mature t r o p i c a l  

cyc lone .  Neve r the l e s s ,  s i n c e  t h e  a n a l y s e s  p re sen ted  i n  t h i s  t h e s i s  

were performed u s i n g  d a t a  from a s i n g l e  s torm,  t h e y  may n o t  be 

r e p r e s e n t a t i v e  of tropical cyclones w i t h  d i f f e r i n g  s i z e s ,  i n t e n s i t i e s ,  

etc.  Thus, i t  is be l ieved  tha t  similar s t u d i e s  of t r o p i c a l  cyc lones  

w i t h  d i f f e r e n t  c h a r a c t e r i s t i c s  would prove q u i t e  u s e f u l ,  e s p e c i a l l y  

in o b t a i n i n g  a d d i t i o n a l  in format ion  concern ing  t h e  d i s t r i b u t i o n  of 

low- leve l  CMW"s and t h e  dependence of CD on s u r f a c e  wind speed.  
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